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ABSTRACT 


A perturbation model is developed which is applicable to small-amplitude moist convective disturbances of 
scales ranging from those of squall lines to tropical cyclones. In an extension of the works of Syéno and Haque, dis- 
turbance development is studied for an atmosphere in which static stability may vary with height and with the sense 
of the vertical motion, being in general negative for upward motion in some substantial layer. Closed solutions for 
simplified cases are exhibited as well as results of numerical integration of a more realistic case. The dynamic stability 
criterion depends on the static stabilities in the ascending and descending currents and their dimensions and geometric 
relationships. Cloud-scale and meso-scale disturbances are more unstable than those of cyclone-scale, and presence 
of the former may tend to destroy conditions favoring development of the latter. Evaluation is made of the linear- 
ized effects of parallel convective bands, an “eye’’, the tropopause, nonhydrostatic motions, surface friction, and 
various boundary conditions. Comparison of solutions with observational features shows fair agreement in some 
respects, improving considerably when nonlinear effects are qualitatively considered. The disturbances are effective 
in transporting kinetic and potential energy outward from the actively unstable updraft. Nonlinear interactions 
tend to transport heat upward to modify the initial statie stability distribution. A second-order dynamic stability 
criterion, obtained by consideration of nonlinear effects, tends to favor development of an existing finite-amplitude 
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disturbance of tropical cyclone scale. 


1. INTRODUCTION 


One of the most successful mathematical tools for the 
study and elucidation of meteorological phenomena has 
been the linearized perturbation model. Our present 
understanding of synoptic-scale motions in the tropo- 
sphere is, in facet, strongly dependent upon studies of 
linearized barotropic and baroclinic motions and these also 
have been necessary prerequisites to construction of useful 
nonlinear forecasting models. In light of this background 
it would seem that the study of linearized moist convec- 
tion might provide a useful background to attempts at 
dynamical forecasts for regions and scales of motion for 
Which such phenomena are important. 


“Drv” convective motions, i.e., those involving no 
changes of phase, have been studied theoretically and 
observationally for many years. Results of linear 
theory—the stability criterion including the effects of 
scale, symmetry, and the fluid parameters—have been 
fairly well verified in the special cases where the assump- 
tions of the theory hold. The importance and complexity 
of the phenomenon are such that it still provides a fertile 
field for investigation, particularly in regard to nonlinear 
effects. It seems likely, however, that many important 
forms of atmospheric convection cannot be considered as 
special cases of Bénard cellular convection. In particular, 
the largest important form of direct convective circulation, 
the tropical cyclone, develops in considerable contradic- 
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tion to the seale selectivity results of Bénard cell theory. 
While this contradiction has never been adequately re- 
solved, it is perhaps generally agreed that consideration 
of condensation effects is indispensable to its satisfactory 
explanation. 

In recent years two authors have considered linear 
solutions of a complete nonviscous set of hydrodynamic 
equations with inclusion of condensation effects; in both 
cases the results were applied principally to tropical 
eyclogenesis. Sy6no [21] considered a frictionless quasi- 
static system with static stability negative for all vertical 
motions, and allowing a certain very restrictive form of 
basic flow obtained solutions similar to those of type I 
of this investigation. Haque [8] considered motions on a 
basic rest state, but allowed the static stability to change 
sign with the sense of the vertical motion, to approximate 
the effects of moist updraft and dry downdraft. He also 
used the nonhydrostatic vertical equation of motion and 
considered the effects of an “eye” and (somewhat errone- 
ously) the tropopause. In both these studies there were 
certain deficiencies in the physical interpretation of the 
results. In particular, no evident attempt was made to 
reconcile the stability criterion, which indicated complete 
dominance of cloud-scale systems, with the actual exist- 
ence and growth of disturbances of much greater time and 
space scales. There was no consideration given to the 
possibility of line-svmmetric disturbances, or of circular 
convective bands about a center. Finally the energy 
transports and transformations were not discussed and 
no mention was made of nonlinear effects, even as to 
orders of magnitude. 

This study may be considered to be, in large part, an 
extension of the results of Svdno and Haque in an attempt 
to rectify the deficiencies mentioned above, and to include 
as well cursory investigations of the effects of surface 
friction, some variation of boundary conditions, and 
realistic distribution of statie stability for both moist and 
dry processes. It appears that there is also some appli- 
cability of linear methods to meso-scale convection; e.g., 
that of cloud bands, as distinguished from individual cloud 
cells. It was therefore considered desirable to develop 
some cases pertaining to meso-scale motions and their 
interrelation with those of larger scale. 

A further purpose of this study should be mentioned, 
one which has particular significance to the field of numeri- 
cal weather forecasting. Recent results of Phillips [19] 
and Smagorinsky [20] lead to the conclusion that a fore- 
cast scheme using the primitive equations of motion is 
practical and in several respects more satisfactory for 
baroclinic motions than schemes using 


prediction of 
If such a scheme is used in a model 


derived equations. 
in which moisture and its thermodynamic effects are in- 
cluded explicitly and static stability is self-determined, 
then one may anticipate the occasional development of 
conditionally unstable inertio-gravitational motions, which 
may grow to large amplitudes unless suppressed by some 
The conclusions of this 


more-or-less arbitrary method. 
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study indicate that meso-scale and cloud-scale convections 
are generally sufficient physical mechanisms for release of 
this instability. Under certain special initial conditions, 
however, larger scale motions may develop, whose dimen- 
sions are determined by both the linear and nonlinear 
terms of the dynamic equations. 


2. PLAN OF INVESTIGATION 


As stated in the introduction, the principal results of 
this study will be obtained by use of the linearized atmos- 
pheric equations. The effects of nonlinear terms will, 
however, be considered in assessing the results and validity 
of the linear theory and for obtaining second-order cor- 
rections to these results. The variation of Coriolis 
parameter with latitude and the possible existence of a 
nonuniform basic flow will be ignored, as well as the effects 
of nonuniform orography. It is found possible, however, 
to investigate some of the effects of surface friction, the 
tropopause, and acceleration terms in the vertical equa- 
tion of motion. Some of the most significant results of 
this investigation are found upon consideration of moist 
convective elements surrounded by or scattered through a 
nonsaturated air mass. 

The investigation proceeds as follows: The basic linear 
nonviscous differential equations in the p-coordinate sys- 
tem are reduced to a single fourth-order partial differen- 
tial equation with w as the dependent variable. Boundary 
and initial conditions are constructed from appropriate 
physical considerations. Eigenfunction solutions are 
obtained in time, space, and pressure for varving speci- 
fications of hydrostatic stability and boundary conditions. 
Figenvalue considerations lead to a wave equation relat- 
ing the horizontal and vertical disturbance scale param- 
eters, hydrostatic stability, and rate of disturbance growth. 
The wave equation is investigated to clarify the relation- 
ship of the factors determining growth rate. Corrections 
to the wave equation for nonhyvdrostatic terms in. the 
vertical equation of motion are discussed and the close 
relationship of the solutions to internal gravitational 
waves is pointed out. 

The energy transformation and 
next considered, and special attention is paid to the trans- 
fer of energy from active (moist) regions to adjoining 


transport terms are 


passive (dry) regions. 

Finally we investigate the nonlinear terms arising 
when the linear solutions are substituted into the com- 
plete meteorological equations, in order to determine the 
validity of the perturbation approach, to show the changes 
in the form of the disturbance and in the stability criterion 
produced by nonlinear terms, and to indicate effects o 
the disturbances upon their environment. 


3. DIFFERENTIAL EQUATIONS AND BOUNDARY 
CONDITIONS 


The linearized nonviscous quasi-static equations 
atmospheric motion, continuity, and heat may be writtel 
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with pressure as the vertical coordinate (see Eliassen 
[4| as follows, where perturbations were assumed on a 
basic barotropic rest state: 


OV tL ikXV+PO=0 (1) 
oo 
_ (2) 

veV+5°—0 (3) 
oF a= 0 (4) 


where V is the horizontal velocity, @ the geopotential, a 
the specific volume, and w=dp/dt, the quantity analogous 
to vertical motion. The Coriolis parameter f is assumed 
constant and the static stability analog o=— (0a/0p+a@/ 
xp) is a function of the space variables only, where 
« is a polytropic coefficient, equal to ¢,/c, in the case of 
dry motions. This set is reduced to a single equation 
in w by the elimination of variables as follows: Equation 
(1) is operated upon successively by the horizontal diver- 
gence and vertical curl component operators and the 
vorticity eliminated between the two resulting equations 
to vield an equation in divergence and ®. Divergence is 
eliminated in favor of vertical velocity by (3), and the 
result combined with (2) and (4) to eliminate a and @ and 
obtain the desired equation in w. 
> 


a ee 
sett ») apt V (ow) => (5) 


The stability factor o is the most important determinant 
of both the physical and mathematical features of equa- 
tion (5). By use of the hydrostatic equation and the 
equation of state we can represent this parameter as 
follows: 


oT _«-1 r) _2 Yea—7 


mE — = (6) 
T \Op K p P Vac 


q «—1 ; . , 

where Y= Fp ——y,the dry or moist adiabatic lapse rate, 
i 

Ye=9/R, the autoconvective lapse rate, and y=—077/dz, 


the actual atmospheric lapse rate. Values ‘of ¢ for both 
dry and moist motions have been calculated from virtual 
temperatures for the mean hurricane season tropical at- 
mosphere recently published by Jordan [12], and are given 
in table 1, where oy is the dry and o,, the moist stability. 
At levels above the tropopause, where 7~ constant, 
equation (6) shows that: 
RT 


» m2 
CyP 


RE Yea 
Co tre — oa 
P" Yac 





(7) 


and therefore 1/¢-—0 as p’. 
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The top and bottom boundary conditions for solutions 
of (5) required by physical considerations are, respectively 
w=0 at p=0 (8) 
w=0 at z=0 (9) 
where w is the vertical velocity. 
Expansion and linearization of the second of these give 
the form 


fe) 


oe tau =0 at 2=0. (10) 


The surface z=0 corresponds approximately to the 
pressure surface p=po+®(po)/a(po). By analogy with 
the simple treatment of waves on a fluid surface, however, 
we assume (10) to apply to a pressure surface, so that 


OF 8 at p= pp. (11) 
ot 
A further simplification, which will be shown to introduce 
little error in solutions of the types considered in this 
study, consists of neglect of the first term of (11), reducing 
it to the form: 

w=0 at p= pp. (12) 
The latter is known in numerical forecasting to be a 
filtering condition for elimination of external gravitational 
waves (Hollman [10]). 

For consideration of the effects of a tropopause it will 
be shown that (8) may be effectively applied at a pressure 
level py, Where py is slightly less than py, the tropopause 
pressure. 

The effects of surface friction are accounted for, rather 
crudely, by assuming a forced vertical motion at the top 
of the friction layer, proportional to the geostrophic 
vorticity, that is 


o=B ‘er aa ) Vv? @ at p=pp ~ 900 mb. (13) 


where B is a nondimensional coefficient, perhaps a function 
of scale. Assuming an Ekman spiral velocity profile 
in the friction layer, Charney and Eliassen [3] have 


TaBLE 1.—Values of dry and moist static stability for the mean 


hurricane season tropical atmosphere 











Pressure (mb.) oa(10-m.2mb.~ sec.-?) | @ w(10-'m.*mb.~* see,~*) 


950 6.04 —9. 96 
900. 9.24 —8. 00 
850 12, 95 —5, 81 
S800 14. 85 —§. 54 
750 16. 87 ~5. 40 
700 18, 26 6.04 
650 20.7 —f, 58 
600 24.6 5. 31 
550 28.2 4.06 
500 32.0 —2. 32 
450 4.7 1. 30 
400 39.0 4.02 
350 39.3 8.17 
300 42.1 17. 92 
250 43.3 30.3 
200 104.2 06.9 
174 14, 159. 
150 344, 341. 
125 738, 7s. 
100. 1837. 1837. 








shown that B=(sin 2 y)/2, where y is the indraft angle 
at the surface. The Ekman spiral, however, is not 
commonly observed in the subcloud layer over the tropical 
oceans. It turns out that we do not need to know B 
exactly, but only its sign and general order of magnitude. 
We assume, therefore that |B/<1 and that B is positive 
for large scales of motion and negative for small scales 
(where friction opposes the normal indraft). 

As to external lateral boundary conditions, in most 
cases we consider the atmosphere to be horizontally 
infinite, so that the only requirement is that the dependent 
variables remain finite over all space. In the one case 
in which lateral limitations are used, it is assumed that 
the velocity normal to the boundary vanishes. 

It will later be shown that meaningful solutions of (5) 
exist for which the statie stability parameter, o, may be 
discontinuous in the horizontal and/or vertical. At the 
discontinuities the differential equations involving o 
are inapplicable and must be replaced by internal boundary 
conditions. We assume that these conditions consist of 
the continuity of ® (dynamic condition) and the normal 
wind component (kinematic condition) across the bound- 


ary. Thus for a vertical internal boundary (¢ dis- 
continuous horizontally) 
Vp Vang 14) 
p 1)  “* ( 


where v, is the wind component normal to the boundary, 
or for a horizontal boundary 


oY =e" 
gp'!)- Dp’? 


The superscripts (1) and (2) refer to opposite sides of the 


(15) 


boundary. 

Since @, and therefore o, is not a function of time, a 
separable time solution may be assumed, consisting of 
positive and negative exponent terms. We are in- 
terested in unstable waves, and we therefore ignore the 
negative exponential and write, 

w=e"O(2, y, p) (16) 
where @ is the spatial function satisfying the reduced 
differential equation 


(17) 


Inspection of table 1 shows that, as is generally known, 
static stability is negative with respect to the moist 
adiabatic process in the low levels of the tropical tropo- 
sphere in summer, but is positive for dry motions. Since 
the atmosphere in these regions usually contains sub- 
stantial amounts of moisture it is frequently only a small 
exaggeration to say that all upward motion proceeds at the 
unstable moist adiabatic lapse rate and all downward 
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motion at the stable dry rate. If then, we equate satu- 
rated cloudy regions with negative values of ¢ (and w) and 
dry clear regions with positive o (and w), equation (17) 
becomes a mixed elliptic-hyperbolic type equation with an 
internal boundary condition. The general theory of such 
systems is far from well established, although they are 
frequently encountered in the study of transonic flow (see, 
e.g., Frankl [5]). No method has been devised for obtain- 
ing an analytic or numerical solution of the system with 
realistic values of ¢ in both the moist and dry regions, 
It is relatively simple, however, to obtain solutions for ¢ 
constant or a variable function of only one coordinate, 
In this way we may qualitatively approach the results of a 
solution of the physically realistic system by considering 
three general types of solution, corresponding to three 
approximations to the true stability function, 

Type I solutions are obtained for o equal to a constant, 
The system here is similar to that used by Sy6dno and 
vields results, in particular the dynamic stability criterion, 
which set a standard of comparison for more complicated 
cases. For type II we allow o to vary in the horizontal 
only, being negative in moist regions and positive else- 
where, and we further restrict it and all other quantities 
to one-dimensional variation. Type III solutions are 
obtained under the assumption that o is constant hori- 
zontally but variable in the vertical. This allows con- 
sideration of the effects of stable layers and the tropopause. 

It is possible to obtain simple solutions for a fourth 
type of stability variation; that is, where ¢ is a function of 
pressure multiplied by a function of horizontal space. 
Such a solution was considered by Haque, but the results 
are not particularly meaningful. Table 1 shows that 
o, and oy are of approximately equal magnitudes and 
opposite signs in the low levels, but are essentially identical 
above 200 mb. Thus this fourth type of solution is not a 
substitute for the presently unobtainable solution for the 
realistic form of co. 


4. TYPE I SOLUTIONS 


For ¢ equal to a constant, one can immediately separate 


variables in (17) and obtain the reduced differential 
equations in the form 
2p "2 
dP po (18) 
dp* " po 


ve (oW) K°W=0 (19) 


0 


where Q=P(p) W (a2, y) and (K/po)? is the separation 
constant. If boundary conditions (8) and (12) are applied 
to (18), it is found that AK is an eigenvalue such that 

K=nr, m=1,2,... (20) 
The use of boundary conditions (8) and (11) leads to a 
somewhat more complicated relation 
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K tan K= —opo/Xo. (21) 


The right-hand side is much smaller than unity, and solu- 
tions of (21) may be found by expansion of the left side 
about the approximate (zero-order) solutions given by 
(20). To the first order these solutions are 


(—opo/ao)”, n ==() 
K= oD, (22) 
nr——=> e=1,2,... 
NTaAy 


For n>1 the eigenvalues obtained from the more accurate 
lower boundary condition are essentially unchanged from 
those of the more approximate case. The solution for 
n—0 represents an external gravity wave which is not 
of interest in this study. We are therefore justified in 
using lower boundary condition (12) as_ sufficiently 
accurate for the present purposes. 

Elementary solutions to (19) may be found in any of 
several forms, depending on the coordinate system used. 
For simplicity we choose to specialize the system to 
one-dimensional variation in either the Cartesian or 
cylindrical coordinate system with symmetry about the 
origin and W' always finite. Thus W is either an even 
function of « or a function of r. In either case the co- 
efficient of the second term of (19) must also assume 
discrete values (eigenvalues) and we may write 


VW + (k/L)*W=—0 (23) 


where kK=2/2 in the Cartesian case, k ~2.405 (the first 
zero of the Bessel function of order zero) in the cylindrical 
case, and ZL is the distance from the origin to the point 
where W first changes sign. The solutions for w in the 
Cartesian case are as follows: 


w= Ae” sin = cos “, k=2/2. (24) 


The wave equation may be found as a condition which 
simultaneously satisfies (19), (20), and (23), that is 


Pol nr 


gsi le )o. (25) 


Solutions for ®, V., and a@ for the Cartesian case are 
as follows: 





PF seat eng MTP eog Rt 9” 
<< Ae co: a cos + (26) 

_ kp o(gi—fi) , ep... kr a 
“sae ih Ae cos an + (27) 
a=(a/q)e. (28) 


Circularly symmetric solutions are identical to the above 
except for the replacement of cosine and sine functions 
by Bessel functions of order zero and one, respectively. 


MONTHLY WEATHER REVIEW 5 


Figure 1 shows horizontal profiles of the above solutions 
for w, &, and the divergent velocity component, and 
figure 2 illustrates the vertical variation of w and D, the 
horizontal divergence. We see that for real positive gq, 
upward motion in the center (A<0) corresponds to negative 
perturbation geopotential and convergent cyclonic indraft 
in the lower levels (p/p) >0.5) and to positive geopotential 
and anticyclonic divergent outdraft in the upper levels. 
The specific volume (and temperature) perturbation has 
its maximum in the middle levels, and is positive for «<0. 
The ratio of the divergent to the rotational wind velocity 
can be seen, from (27), to be equal to g/f, which the wave 
equation shows to be a function of static stability and 
the scale of motion. We also note that solutions for all the 
dependent variables oscillate out to infinity. This will not 
be true for subsequent cases in which ¢ is allowed to vary 
with the sign of the vertical motion. 

The dynamic stability criterion arising from wave 
equation (25) is the following: 


Unstable 


(—)S-o (<) 


\ A 





Neutral (29) 


Stable 


Unstable solutions may exist only for ¢<0 and then only 
if the ratio of the horizontal to the vertical scale is suf- 
ficiently smal!. For example, if we set in o=—3 107° 
m.? mb.~? sec.~? as a reasonable order of magnitude 
(justified in a later section) we find that unstable waves 
may exist at latitude 20° for 1<500 km. approximately, 
or roughly the size range of large tropical cyclones. If 
the stability criterion indicates imaginary qg, then the 
solutions (24)—(28) represent standing inertio-gravita- 
tional waves. Traveling wave solutions are also possible, 
of course, and such waves will have a wave speed, in the 
Cartesian system, equal to 2\q/L/r. 

Equation (25) indicates that g approaches infinity if 
L/po—>0. This obviously unreasonable result is due to the 
quasi-static assumption and neglect of acceleration terms 
in the vertical equation of motion. If these terms are 
included in a derivation in the zs, y, 2 system, as was 
exhibited by Haque [8], and the terms in the resulting 
wave equation transformed to a similar form to those in 
(25), the latter is modified as follows: 


_f-Ga) | 


+( g Lik 


where @ is a specific volume averaged through the depth 
of the system. Evaluation of the second term of the 
denominator shows it to be small for L>10 km., i.e. (30) 
reduces to (25), but rapidly increasing for smaller dis- 
turbances. This corresponds roughly to the scale of 
motion for which nonhydrostatic terms are of impor- 
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Figure 1.—Type I horizontal solutions, moist motions everywhere. 
Slab symmetry (solid), circular symmetry (dashed). (A) w at 
p=p/2. (B) & at p=po. (C) (—u) or (—v,) at p= po. 


tance. As L/p->0, that is, for very narrow, “‘tall’’ dis- 
turbances, (30) reduces to 


g= —(Z)o 


which then represents a finite maximum growth rate and, 
of course, indicates that the Coriolis term is unimportant 
for small scales of motion. The dependence of gq on 
horizontal scale and static stability is shown in figure 3, 
in which n=1, po=1000 mb., @2=1.4X10® em.s gm.~, 
k=-n/2, and f=5X10~ see.7! 

Equation (30) and figure 3 show that the maximum 
Since observations show 


(31) 


growth rate occurs for L=0. 


that most rapidly growing cloud convection cells are 
roughly as wide as they are tall, one might expect to 
find the real maximum growth rate to exist for L ~10 km. 
This discrepancy is caused by the neglect of internal 
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Figure 2.—Type I vertical solutions. D (solid line), w (dashed 


line) scale units normalized by maximum abscissae. 


viscosity, diffusion, and entrainment effects in the present 
model (cf. Godske et al. [7], chapter 9). 

A more important discrepancy between the stability 
theory and observations lies in the frequent occurrence of 
large-amplitude convective disturbances of horizontal 
dimensions much greater than those having the maximum 
linear growth rate. Full understanding of this bimodal 
tendency will doubtless require thorough consideration 
of nonlinear and dissipative effects, and the role of large- 
scale, quasi-steady-state motions in accumulating mois- 
ture at higher altitudes than normal. Linear theory 
can provide certain necessary conditions for further 
development of preexisting disturbances of a given scale 
and shape. It can say a little about the expected relative 
frequency of various disturbance scales, and also say a 
little about the effects of widely different scales upon 
each other. 


5. TYPE II SOLUTIONS 


We next consider the effects of the horizontal variation 
of static stability and, in particular, the variation caused 
by a discontinuous change in the polytropic exponent, as 
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Ficure 3.—Wave equation (25), dotted line, and (30), solid line, 


ig for various values of o shown on the curves. f=45 x 10 see. ~, 
po= 1000 mb. n=1, k=x/2. 


from a moist to a dry process. We assume for simplicity 
that o is a negative constant in one or more moist regions 
and a positive constant elsewhere. Of the various possible 
geometric arrangements of the moist and dry regions, the 
following cases have been chosen for presentation as hold- 
ing particular physical interest. 

Case 1: Moist (statically unstable) ascent in the center, 
surrounded by dry (statically stable) descent out to 
infinity: 

(a) Slab symmetry (Cartesian coordinates). 
(b) Circular symmetry (cylindrical coordinates). 

Case 2: Same as case 1 except horizontally bounded by 
rigid walls at finite distances (slab symmetry only). 

Case 3: Dry descent in the center, surrounded by moist 
ascent and dry descent outside to infinity (slab). 

Case 4: Moist ascent in the center, surrounded by 
(infinitely) many alternating bands of dry descent and 
moist ascent, dry descent outside to infinity (slab). 

CASE 1 

Case 1 is the simplest possible model in which compen- 
sating dry descent is included. The principal result of 
the development is the appearance of a transcendental 


equation obtained from application of the internal bound- 
ary condition to the otherwise independent solutions for 


541417—60——_2 
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the moist and dry regions. This transcendental, which 
we call the compatibility condition, serves to define a 
dynamically effective static stability, 7, in terms of the 
values of o in the moist and dry regions and their geometric 
relationships. We then can replace o by & in the wave 
equations and stability criteria derived for the type I 
solution and the latter maintain their essential signifi- 
cance. Also in case 1 the differences between circular and 
slab symmetry are investigated and presented. 

We consider two solutions to equations (17), (8), and 
(12), one valid within an inner region, |z| or r<_L, where 
o=o,<0, and the second outside this region, where 
o=o7>0. Thus L is now defined as the half-width or 
radius of the moist motions only. For each of the regions 
variables may be separated in (17) exactly as for type I, and 
solutions to equation (18) are identical with those of the for- 
merexample. We will henceforth in this section set n=1; 
i.e., only one vertical mode of oscillation will be considered. 
Finally we define ¢ to satisfy the wave equation, that is 


ve -/ Po/nm\?* — 
+f7=—q + 32) 
g f Li/k ( 
Under these conditions the horizontal differential equation 
(19) may be solved separately for the moist and dry 
regions with apparently independent amplitude constants. 
Application of the internal boundary conditions (14), 
however, constrains these constants and further generates 
a condition of compatibility between the solutions for the 
adjoining regions, which is for the slab and circular 
symmetry case respectively. 
tan [k(¢/o,,)'?|=(—ey/o,)'", k=x/2 (33a) 
Sierehel Fae — Ci %e) laf —22) J f-—2.405 (330) 
J lk(o/ow)?|Kylk(—a/oq)"*| \ oe 
where J, and K, are the nth-order Bessel functions of real 
and imaginary argument, respectively, which vanish at 
infinity (see Watson [23}). 
The solutions for w in the moist and dry regions for slab 
symmetry are as follows: 
®P cog b/tu)*t 


ns cos TL |a< L (34) 
) 4 





Wy= Ae“ sin 


= ‘ ° Tp 
wy ==" 008 [k(G/o)"?] Ae® sin 7 
Cu Po 


< exp [k(—a/o4)"? (A—jx/Z)), 4, > Lb (35) 


Solutions for the remaining independent variables and the 
circularly symmetric solutions are related to those above 
in a similar manner with (24)—(28). 

The horizontally variable part of the solutions for @, 
, and wu or r, (radial velocity) are shown in figure 4. In 
comparing these with type I we note, first, the difference 
in behavior for large |x| or r. In this case the geopotential, 
vertical and horizontal velocity, etc., fall off exponentially 
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in the dry region, showing the passive forced nature of the 
At the same time the dry motions act some- 
what as a brake upon the instability. The ratio of the 
effective stability to the moist stability, ¢/o,, has been 
computed for both the slab and circular solutions for vari- 
ous values of o,/o,, and is shown in table 2. 

We note that the reduction is much greater for slab 
than for circular symmetry, thus favoring development of 
the latter. The reason for this behavior seems to lie in 
the more compact nature of the circular disturbance. 


dry motions. 


The ratio of effective stability to moist stability for various 
values of the ratio of moist to dry stability 


TABLE 2. 





—o ~/Fd- 3 0.0 0.1 0.3 0.5 1.0 10.0 © 


é/o~ Cireular- 0.0 0. 211 0. 299 0. 357 0. 451 0. 760 1. 000 


F/a~ Slab 3 . 0.0 0. 037 0.101 0. 153 0. 250 0). 624 000 
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The plotted curves for ®, w, and V show that these func- 
tions have their largest amplitudes within and very close 
to the moist region for the circular case, but exhibit a 
much slower damping in the case of slab symmetry. Thus 
the latter may be effectively “larger” and hence less ac- 
tive than the former, for a given width of the moist region, 
Thus bands seem to be less efficient than circular disturb- 
ances for release of convective instability and the large 
frequency of occurrence of such bands must be explained 
as a consequence of the vertical wind shear or other effects, 
e.g., turbulent dissipation, not considered in this study. 
The solutions for V show that the maximum radial and 
tangential winds both occur at the internal boundary, that 
is, at the outer limit of the moist region. In section 9 it 
is shown that nonlinear terms have a considerable effect 
on the tangential wind distribution at rather small dis- 
turbance amplitudes. It may be noted that @, horizontal 
divergence, and relative vorticity (not shown) are discon- 
tinuous at the internal boundaries. In the real atmosphere 
these discontinuities would presumably be replaced by 
sharp gradients. In the dry region relative vorticity is 
negative, corresponding to conditions in the outskirts of 
tropical cyclones as observed by several Japanese meteor- 
ologists (Ootani and Hatakeyama [16]; Svdno et al. [22)). 


CASE 2 


The boundary conditions for case 2 are identical to 
those obtainable under the assumption that another dis- 
turbance of identical scale and amplitude adjoins on either 
side of the one under cor ration. Thus we may in- 
vestigate the behavior of a cv..vective band and the con- 
straints imposed upon it by the existence of neighboring 
bands. An interesting result is the appearance of a limi- 
tation on the ratio of horizontal extent of the moist and 
regions for existance of unstable solutions; that is, 


dry 
The external 


a limiting proximity of adjoining bands. 
boundary condition here consists of vanishing of the wind 
component normal to the wall. After applying this con- 
dition to the elementary solutions of (i7), it is found that 
@» is unchanged, but w, is replaced, for the slab symmetric 
case, by an expression involving hyperbolic cosines. The 
fields of w, ®, and w are illustrated, for this case, in figure 
5. The compatibility condition is altered to the fol- 
lowing form: 





tan [k(o/0w me . ta? a 
ial a im (36) 
*(21— yf )} \ Ca 
where + 2, is the abscissa of the external boundary, and 


thus #,—Z is the half-width of the dry region. 
Examination of (36) shows that the horizontal constraint 
reduces the effective instability, and ¢ vanishes for (2,— L)/ 
This is the minimum ratio of the separation 
the clear-cloud 
Depending on 


L=— Fal Fw. 
of convective bands to their width, i.e. 
ratio, for which the bands may amplify. 


the vertical dimension of the disturbances, table 1 indicates 
that this ratio may vary from about one to three in the 
mean tropical troposphere. 


This revision of the stability 
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Figure 5.—Type II, ease 2, horizontal solutions, moist region 
hatched. (A) wat p=po/2. (B) @at p=po. (C) (—u) at p= po. 


criterion bears a close relation to the conclusions of the 
“slice” method of forecasting convection, first introduced 
by J. Bjerknes [2]. 

CASE 3 


Taking the radius of the “eye” equal to a, where aL, 
we specify a stability distribution as follows: 


o= 04, |r|<a 
o=Cy, a<|zi<L (37) 
o=0a, |x| >L. 


The horizontal solution for w, with slab symmetry, is pro- 
portional to the hyperbolic cosine in the eye, sinusoidal in 
the moist region, and as before, a decreasing exponential 
outside. The horizontal profiles of w, &, and u are exhibited 
in figure 6; circularly symmetric solutions are similar in 
appearance. The compatibility condition becomes 





Figure 6.—Type II, case 3, horizontal solutions, moist region 
hatched. (A) wat p=p)/2. (B)@at p=po. (C) (—u) at p= po. 


(Go Var 
tan |“ te) 7] 


os ay 14 tanh [k(—¢/o,)"*a/L) 
=( Oa 1+ 





a al lb 38 
(c,/e2) tanh [k(—o/e,)"a/L) °°) 





By comparison of (38) with (33), it can be seen that 7 
is greater for this case, and the ‘‘eye” tends to increase the 
growth rate. The amount of this increase however, is in- 
significant. For ¢,——0.310~* and circular symmetry, 
an eye with a radius of 0.1 L (Yo that of the moist region) 
increases effective static instability by less than 2 per- 
cent, thus changing the wave equation only very slightly. 
Although the eye plays an indispensable part in mainte- 
nance of a tropical cyclone, as first shown by Haurwitz 
[9], it evidently does so by means of nonlinear terms not 
considered in this study. 

The vertical motion distribution in the eye case, as 
shown in figure 6, exhibits a downdraft region in the eye, 
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associated with an indetectably slight surface high pres- 
sure area and slight anticyclonic outdraft winds. The 
vorticity and vertical motion are again discontinuous at 
both internal boundaries. 


CASE 4 


This case was also picked to represent a certain physical 
feature of the tropical cyclone; that is, the observed exist- 
ence of convective bands in the outer regions of the storm. 
Here we consider the integrated effect of a large number 
of smaller disturbances of the type considered in case 2. 
A rather interesting conclusion of this case, in combina- 
tion with the results of case 2, is that a forcing disturbance 
is a necessary condition for development of large-scale 
unstable convective motion in the presence of smaller 
scale convection. This conclusion is a consequence of the 
effects upon a large-scale system of the dry descent sur- 
rounding smaller cells. 

For this model it is assumed that an inner region of a 
developing cyclone-scale disturbance consists of many 
alternate bands of moist ascent and dry descent. It 
should be remembered that the growth exponent q is as- 
sumed constant throughout, so that only the quasi-steady- 
state features of the meso-scale bands are considered. 
The shorter lived cloud-seale cells may be thought of as 
generating the proper conditions (moisture, especially) to 
assure maintenance of the bands and, by their compensat- 
ing downdrafts and drying, to maintain spacing between 
the bands, according to the spacing requirements derived 
in case 2. A band is, for simplicity, considered at a con- 
stant distance from the disturbance center, rather than 
parallel to the low-level wind flow, as seems to be the actual 
case in tropical cyclones. 

Methods used for finding solutions for the previous cases 
become tedious when a large number of narrow bands is 
assumed. Instead it is desirable to define some sort of 
averaged stability value appropriate to an area contain- 
ing an infinite number of alternating moist and dry bands, 
which we do in the following manner. Consider two 
infinitesimal bands, one moist with stability ¢,,<c0 and the 
other dry with stability o,>0, and let the ratio of the 
width of the moist band to that of the total width of both 
be (7. Since the bands are considered infinitesimal relative 
to the large-scale disturbance, we may consider that in 
each of the moist and dry bands # is approximately hori- 
zontally constant, and by application of (14) & is therefore 
approximately constant over both bands. Further, 
O*b/Opodt is also approximately constant and, by application 
of (2) and (4), o,@w,~oqwa, Where w, and w, are the 
(approximately horizontally constant) vertical velocities 
in the moist and dry bands, respectively. If we define 
the average value of w (across both bands) to be 
@=Uw, +1—U)ag, then 60 = cywy = oqw, if 


t 4. (39) 
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Thus o relates the average expansion of air to the average 
vertical motion and could be alternatively defined as 


{ fou ady 
o= (40) 
i) | oxlardy 


where the integral is taken over the banded region. If U 
is constant, (39) and (40) can be shown to be equivalent. 
We define ¢ to be the band stability. 

From (40) one can see the possibility of an infinite value 
of o, if U=—eo,,/(¢,—o), implying that heat is released 
from vertical motions, but the mean vertical motion is 
zero. In this case divergence and relative vorticity van- 
ish. Hughes [11] has shown this to be approximately the 
condition in the outer rain bands of tropical cyclones. 

An even more significant conclusion comes from a com- 
parison of relation (39) with the conclusions of case 2. In 
case 2 we look at the convective band as a meso-scale 
phenomenon, associated with disturbances of small size 
and rather rapid time variations, while in case 4 we con- 
sider the band from the large-scale quasi-steady-state 
point of view, disregarding all transient features. In 
equation (36) and subsequent discussion it was shown that 
a small-scale disturbance could grow only if the ratio of 
moist to dry area is /ess than or equal to the ratio of dry 
to moist stability. On the other hand, (39) indicates that 
the band stability for large-scale disturbances is negative 
only if the ratio of moist to dry area is greater than the 
ratio of dry to moist stability. This means that a cyclone- 
scale convective disturbance cannot develop as simply an 
amalgamation of smaller-scale cells, but must include at 
least a meso-scale central core of moist ascent, presumably 
generated by a disturbance whose energy is derived from 
other than convective instabilities. 

Having postulated the existence of such a core we now 
assume three distinct regions with different values of 
stability; i.e., 


o=0,<0, r<b 


b< |\r\<c 2L—b (41) 


o=—d,)->— @&, 


o=o,>0, lr| >2L—b 

where 2(L—6) is the width of the banded region. The 
solutions for @ in the inner and outer regions are similar 
to those of case 1, while that for the banded region shows 
a linear variation with s (logarithmic with r for circular 
symmetry). These solutions: are exhibited in figure 7. 
The compatibility condition is found to be the following: 


=|(—o4/0,)'/?—2k(a/o,,)/?7(L—6)/L\-! 
(42) 


tan [k(a/o,,)'/7b/L 





which shows that the banded region has a dynamic effect 
midway between that of an all-dry and an all-moist region. 
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Figure 7.—Type I, ease 4, 
hatched solidly, banded region hatched lightly. 
(B) dat p=pp. (C) (—u) at p=po. 


6. TYPE I] SOLUTIONS 


Considering ¢« to be a function of pressure, we again 
separate variables in (17). The resulting reduced equa- 
tions may be formally written in the same form as (18) 
and (23), and the wave equation (25) holds for an effective 
stability ¢, provided that o, ¢, and K are related by the 
expression 


K=(e/e)'?ne (43) 


Thus, ¢, which may be a function of n, can be found from 
solution of (18) with boundary conditions. 
specify n=1 for purposes of this study. 
two cases are exhibited. 

Case 1: Constant negative stability in the troposphere, 
constant temperature in the stratosphere. 

Case 2: Stability values equal to o, in table 1 for 


Again we 
In this section 
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pressures above 100 mb., constant temperature for 


pressures below 100 mb. 


CASE 1 

Here we investigate the effects of a sharp tropopause 
discontinuity in static stability. It is shown that the 
stratosphere acts effectively as a lid to the disturbance 
and can be considered as equivalent to applying a solid 
surface boundary condition at a level slightly above the 
tropopause. 

We prescribe o for the lower and upper layers, re- 
spectively, by the following expressions: 


o=o7<0 for p>pr (44a) 


o=o5=—R?T s/c, p* for p< pr (44b) 


where oy is a negative constant and equation (44b) is 
obtained from (7) with 7 the stratosphere temperature. 
Solutions to (18), with A evaluated from (43), (44a), 
and (44b), satisfying the external boundary conditions 
(8) and (12) may be written as follows: 


P= Ay, sin [r(o7/0)"?(po—p)/Po|, P> Pr (45a) 
P=Ag(p/p))"?**, p< pr (45b) 
where 
he 


Internal boundary conditions (15) lead to a relation 
between the amplitude coefficients Ag and A, and to a 
compatibility condition which can be solved to yield 
ca. This may be written 


min -T iia 
tan [r(o7/c)'*( po—Pr)/ Po] -( N+<: ir (or g)'/* y/o}. 


(46) 
Solution of (46) shows that ¢/o,<.1. We now show that 
reduction of instability by the presence of the strato- 
sphere is identical to the effect of a rigid boundary at 
p=pu, Where pu<_pr. We set o=oy for all p>pu, and 
define py by the relation 


(a/oy)'”. (47) 


(Po—Pu)/ Po 


Substitution of (47) into (45a) shows that 7’, and therefore 
w, Vanishes at p=pu. Values of py and go, computed 
from (46) and (47) for various values of p> are given in 
table 3. 


TABLE 3.— The equivalent rigid tropopause level, py, and the effective 
static stability, ¢, for various values of the tropopause pressure, pr 


pr (mb.) a/oy pa (mb.) 
100 0.914 sO 
1”) . 870 130 
200 . 826 74 
2%) TRI | 219 
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Fiaure 8.—Type III, case I, vertical solutions D (solid line), w 
(dashed line), seale units normalized by maximum abscissae. 
Dash-dotted line represents equivalent rigid tropopause. Hatched 
area is statically unstable. 


Solutions of case 1 for w and D are presented in figure 8 
for pr=100 mb., op=—3*107%m.?mb.~*sec.-*?, and 
Ts=200° K. The curves further illustrate the extremely 
rapid decrease of disturbance amplitude above the tropo- 
pause, 


CASE 2 


Here the distribution of stability with height is relatively 
smooth. The results of the numerical integration of 
(18) for this case show, however, that again the principal 
effect of an upper stable layer is to diminish the effective 
depth of a disturbance and reduce its growth rate 
correspondingly. 


The solution for this case was found by numerical 
integration of (18) using (43), and with o=cy,, evaluated 
from table 1 for p>100 mb., and o taken from (44b) for 
p<100 mb., where 7,=200° K. The Gill [6] formulation 
of the Runge-Kutta integration scheme, as programmed for 
the IBM 704, was utilized in forward integration from 


W AND BD (relative units) 


Figure 9.—Type III, case 2, vertical solutions. D (solid line), 
(dashed line), seale units normalized by maximum abscissae. 
Hatched area is conditionally unstable. 


one boundary to the other. An initial guess of ¢ was made, 
and this was improved by means of Newton-Raphson 
iteration methods until both boundary conditions (8) and 
(12) were satisfied to sufficient accuracy. The method 
was checked by comparison of results for cases with known 
analytic solutions, such as case 1 of this section. 

Figure 9 shows the solutions obtained for w and D. 
The unstable region is shaded, and above this region the 
disturbance amplitude rapidly decreases, becoming imper- 
ceptible in the stratosphere. The value of ¢ found for 
this solution is —2.732 107° m.? mb.~? see.~*._ This result 
provides justification for the value of —3X107* used in 
evaluation of the stability criterion. 

In comparing the sinusoidal vertical solutions of type I, 
equations (24)—(28) and figure 2, with those of this section, 
we note that the sign of the geopotential disturbance 
reverses from low to high levels in both cases. This is 
generally true for any solution of the linear set (1)—(4) in 
which there is a reversal of the sign of divergence with 
height, since @ is proportional to D. This proportionality 
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does not seem to accord with the true situation in well- 
developed tropical cyclones, which exhibit cyclonic rota- 
tion and negative disturbance’ geopotentials to great 
heights in their inner regions, and at the same time large 
negative values of relative vorticity and divergence. 

In order to explain the disparity between the model and 
observations, attention is directed to the nonlinear terms 
of the motion equations. We show in a later section that 
those advective terms do seem to be responsible for ex- 
tending the cyclonic wind field to higher levels as the 
disturbance amplitude becomes significant. In the very 
early stages the circulation reversal might be observed, 
but even then it could be masked if the disturbance de- 
veloped within a preexisting circulation. 

In order to further investigate this problem, one could 
set up perturbation equations on a basic nondivergent 
vortex. These equations become quite complicated when 
both horizontal and vertical shears are involved, and 
analytic solutions are out of the question for any physically 
reasonable cases. Rather than solve the perturbation 
equations by numerical methods, it would seem more 
profitable to solve the nonlinear equations directly, as an 
initial value problem. Berkofsky [1] has developed a 
numerical scheme for doing this. A deficiency of Ber- 
kofsky’s model is that it excludes gravitational waves by 
means of a balance equation, and thereby eliminates the 
type of linear motions discussed in this paper. 


7. SURFACE FRICTIONAL EFFECTS 


If one assumes that a frictionally-forced updraft can 
be adequately expressed as a boundary condition of the 
form of (13), then this boundary condition may be used, 
in place of (12), to determine coefficients of the elementary 
solutions of (18). The resulting transcendental may be 
used, as with the type IIT solutions, to define an effective 
static stability, ¢, which satisfies the wave equation. The 
definition may be written as: 


tan [(o/o)'*rpe/po)_ os P+. pp Po— Pr vile 
: yi a B (28) 
(c/a)! ?x qf Po 


where we assume that 0< B<1 forg<fand —1<B<0 for 
q>f, and ppy~900 mb.=0.9p. For large disturbances, 
where q<f, the argument of the tangent approaches 
7/2. Therefore (¢/a)'?~2 and the largest unstable dis- 
turbance diameter is nearly doubled. On the other hand 
small disturbances with g>>f lead to values of (¢/¢)'?<1. 


8. ENERGY RELATIONS 


It is of interest to consider the energy transformations 
and transports in our linearized system. The kinetic 
energy equation, obtained by dot multiplication of (1) 
by V, may be written as follows: 


OF 
a... 


—v.(V8)— > (wh)—aw (49) 
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Figure 10.—Partition of energy released by latent heat of con- 
densation. Hatched area represents the moist unstable region. 


where 4=V.V/2. If (49) is integrated over all space, 
given external lateral boundary conditions as prescribed 
in section 3, and w vanishing at the upper and lower 
boundaries, the first two terms on the right vanish, 
After multiplying (4) by a/og, where o, is the static stabil- 
ity for dry processes, we obtain an equation for available 
potential energy, similar to that defined by Lorenz [13]. 


—=— aw (50) 


where A= a?’/2a,. 

The integrated sum of (49) and (50) vanishes for dry 
processes, so that (—aw) is clearly the transformation 
from available potential to kinetic energy for the dry 
process. For moist motions, where ¢=¢,, the term 
(o4—y)aw/o, is evidently the transformation of latent 
heat to available potential energy and is positive when o, 
and w are negative and @ positive. 

In the type IT and III solutions of this study the energy 
relations are complicated somewhat by transports across 
the internal boundaries. The complete budget has been 
evaluated for type II, case 1, and shows several interesting 
features. If we assume (@/¢,,)'?=0.3, from table 2, and 
express all quantities as multiples of J, the total released 
latent heat energy, the following results are obtained. 





OAy _ ag]. OAy _ 206 ; 
Dp 70-367; ; =(.206J 
os igs 4 (51) 
Oo. fe F OF w “28 
Sp 0.366; dp 0-061 


op *L (* Po 
where J=0.585 (—o,/q) A’e*™ and Ay= is | i} Adpdz, 
“P, Jo Jo 


with other quantities similarly defined. Figure 10 shows 
the relationships of these various energy terms. We see 
that of the total energy released by latent heat in the moist 
region 26.7 percent remains within the moist region, 6.1 
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percent as kinetic energy, and 20.6 percent as available 
potential energy. Of the 73.3 percent which is trans- 
ported into the dry environment (that is, nearly all of the 
transformation term), half is released as available potential 
energy and half as kinetic energy. Kinetic energy repre- 
sents 42.7 percent of the total production. 

It is interesting to compare these results with estimates 
of the energy budgets in tropical and extratropical cy- 
clones. Palmén and Jordan [18] have estimated that 
about 30 percent of the kinetic energy release in a steady 
state tropical cyclone occurs within the inner 2° latitude, 
where most of the latent heat energy is released, the re- 
maining 70 percent being released mainly in the 2°-6° 
ring. In our model the corresponding percentages are 
about 16 percent and 84 percent. Palmén and Jordan 
find, however, that the total kinetic energy released is 
only about 2% percent of the total latent heat energy 
released, as compared to our 42.7 percent. Palmén [17] 
in his analysis of hurricane Hazel, found that the kinetic 
energy released during the period of transformation from 
a tropical to an extratropical cyclone was about 12.5 
percent of the latent heat energy released, but he was 
unable to estimate the transformation of available poten- 
tial to kinetic energy during this time. 

It seems, therefore, that the mechanical efficiency of 
our model is considerably too great, as compared with 
real large-scale systems. This is due both to the neglect 
of dissipative terms in this development and to the con- 
siderable changes in dynamics as the real disturbance 
develops and loses both its static instability and its vertical 
symmetry, by means of vertical and horizontal advection. 


9. NONLINEAR EFFECTS 


It is recognized that the atmospheric phenomena dealt 
with in this study frequently attain an amplitude at which 
the nonlinear terms of the meteorological equations are 
substantially larger than some of the linear terms. This 
is certainly sufficient cause for an examination of the fore- 
going results to determine in what way they might be 
altered by inclusion of these nonlinear terms in the basic 
differential equations. One method of approximating the 
nonlinear effects is to substitute the linear solutions into 
the nonlinear terms of the complete equations and thereby 
obtain a second-order approximation to the true non- 
linear solutions. This might be considered as the begin- 
ning of an iterative process, in which each solution gen- 
erates the terms of a subsequent higher order equation. 
The existence and convergence of such solutions has been 
demonstrated by W. Malkus and Veronis [15] as applied 
to a Bénard convection cell problem. The process is 
tedious when carried out to higher orders. In fact the 
first iterative step for our system results in an inhomo- 
geneous differential equation, probably only numerically 
solvable. We are able, however, to obtain information as 
to the relative orders of magnitude and general effects of 
the nonlinear terms. 


JANUARY 1960 


If we regard convective disturbances as eddies within a 
larger-scale environment, the advective terms of the 
thermodynamic equation represent the eddy transport of 
heat. Thus from the linear solutions we may to some 
degree approximate the convective heat transport of the 
linear systems. 

We define V’, ®’, w’, and a’ to be the second-order var- 
iables appearing when our linear solutions are substituted 
into the nonlinear terms of the motion and heat equations. 
Equations for these variables may be written as follows: 


ov +f kx V'+V 8’ —WpV—ade (52) 
si +a’=0 (53) 

revi 0 34) 

oe — ou" = ~V+Ta—w ( t=) (55) 


If solutions of (5) and any of the boundary conditions 
used in this study are substituted for the variables on the 
right side and the system reduced to an equation in a’, 
it may be shown that the inhomogeneous (nonlinear) 
terms are eliminated except for the last one in (55), and 
(52)—(55) reduce to 


( tf) oa +V¥?(ow") v?(=*), (56) 


is 


A particular solution of (56) may be formally written 
follows, where p’ and p’’ are dummy variables. 


, *p Pe hs é gf? \!? Qe > 


+p"" | ere - dp'dp’. (57) 


In order to show the general nature of the solutions of 
(52)—(55), we consider a somewhat simpler case. If the 
atmosphere were incompressible, the last term on the 
right sides of (55) and (56) would vanish. This assump- 
tion alters the statie stability parameter, o, in that « is 
assumed infinite. Other than this change in interpreta- 
tion the nature of the perturbation equations and their 
solutions is entirely unchanged. In this case the par- 
ticular solution for (57) is 


w’=0. (58) 
This is not trivial, since the remaining terms on the right of 


(52) and (55) do not vanish. ©’, V’, and a’ are found to 
be the following: 
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Fie es | ey] ; 
V ive FH RXV w+(% a) (60) 
,__ ¢ Of 2 o/b ; 
a 4q dp w +3(7 ve) (61) 


For the perturbation cases exhibited previously a@’ is a 


function of pressure only, the tangential velocity is a func- 
tion only of the horizontal coordinate, and ®’ is a sum of 
the integrals of these one-dimensional functions. In 
figure 11 are shown horizontal profiles of v’ and the hori- 
zontally variable part of &’ and vertical profiles of a,’ and 
the vertically variable part of ®,’, where w, and w, are 
obtained from the perturbation solutions of type II, case 1 
with slab symmetry. The vertically variable parts of 
@,’ and a,’ vanish identically. 

We are now able to verify the statements made in 
previous sections about the probable effects of nonlinear 
terms. From (59) and figure 11 one sees that the tan- 
gential wind field is changed by a term which is cyclonic 
at all levels within the moist region (¢,.<0), the vorti- 
city of which has a_ positive maximum at the 
center. In the dry region there is a corresponding anti- 
cyclonic wind, but of a much smaller magnitude, pro- 
portional to (—¢,/oq)* times that of the moist region. 
These terms evidently tend to bring the perturbation dis- 
turbance into closer agreement with tropical cyclone wind 
profiles. 

The a’ field tends principally to lift the level of the 
maximum heating, thus destabilizing the upper levels and 
allowing the developing cyclone to extend to much greater 
heights than the 5-km. depth of normal conditional insta- 
bility in the tropical troposphere. The ®’ field is composed 
of two parts. The vertically variable component is the 
hydrostatic integral of a’ and leads to decreased geopo- 
tential at intermediate pressure levels, consistent with the 
increasing depth of the cyclonic portion of the disturbance. 
The horizontally variable component of ®’ has its maxi- 
inum amplitude at the center, with the sign in the moist 
region the same as the sign of 2q¢7—f. Thus if the linear 
disturbance is small and rapidly growing, i.e., 2¢?>/*, this 
term represents a filling tendency. If 0<2q?<f?, however, 
both the linear and nonlinear terms provide low-level 
deepening at the center. The latter inequality then 
appears to specify a rather narrow size range within which 
disturbances may continue to grow to significant ampli- 
tudes, and thus represents a second-order stability 
criterion. It is not clear whether or how an initial dis- 
turbance might alter its size or shape to adjust to this 
criterion, nor is it certain how the compressibility term 
in (56) might change matters, but the effect may have an 
important bearing on the observed bimodal distribution 
of convective disturbances. 

We now make quantitative estimates as to orders of mag- 
nitude of the nonlinear terms. If ¢,—=—3X1073m.2mb.~ 
sec.*, and f=5 1075 see.-', by comparison of (59)—(61) 
with (26)—(28) it may be shown that a’/a and v’/r are 
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Figure 11.—Second-order components of nonlinear solutions for 
type II, case 1. (A) Horizontal profiles of v’ (solid) and ®’ 
(dashed). Moist region hatched. Scale units normalized by 
maximum ordinates. (B) Vertical profiles of #’,, (solid) and 
a’, (hatched). Scale units normalized by maximum abscissae. 


approximately unity for |}6|=300 m.* sec.~*, or a surface 
pressure amplitude of about 4 mb. The first term of ’ 
is of the order of || when |#)/—600 m.’ sec.~*, a pressure 
amplitude of 8 mb. The second term of 6’ depends on its 
coefficient which may vary from —2 to +1. If g=f/2 
this term is of the order of |#| when |#|= 1500 m.? sec.~’, 
a surface pressure amplitude of 20 mb. Thus the second- 
order stability criterion discussed above only becomes 
effective when the amplitude is substantial. At this 
stage the other nonlinear terms may have distorted the 
dynamics of the system so much that it is no longer 
applicable. In any case it is clear that the study of tropi- 
cal cyclones by means of linear theory must be limited to 
rather small amplitudes. 

With respect to meso-scale disturbances, the above 
amplitudes seem somewhat more liberal. A surface 








) 


pressure disturbance of greater than 4 mb. is probably 
not greatly exceeded even in a squall line or hurricane 
convective band. 

We now consider the nonlinear vertical heat transport 
by the linear disturbance solutions. In the present system 
heat energy is equal to (c,/R)ap. 

After multiplication of (61) by (c,/R)p and integration 
over a horizontal distance Y, we obtain the expression for 
average vertical transport: 


ou) ¢, 1 ® da’ ‘La al "xX ”) : 1 
ot ~RXJ,? at RX k rr 
0 


(62) 


the compressibility terms have again been 
neglected. 

If X is large or the disturbance is bounded, as in type 
Il, case 2, the end-point term may be neglected. The 
term @ w has opposite signs in the moist and dry regions 
but the integral is dominated by the contributions from the 
moist unstable region and is negative, with a maximum 


in the mid-troposphere. Thus for type II solutions 
9 


— r é ) » 
OW /Otecp sin ~~ that is, a net transfer of heat from the 
0 


where 


lower to the upper levels. 
10. SUMMARY AND CONCLUSIONS 


Solutions to a complete set of linearized quasi-static 
meteorological equations under conditions of moist parcel 
instability have been obtained and investigated. The 
assumptions made, besides the usual perturbation require- 
ments, included zero basic flow at all levels. constant 
Coriolis parameter, no orography, and upward motion 
always saturated and downward motion either com- 
pletely unsaturated or completely saturated. 

The solutions obtained are essentially internal gravita- 
tional waves, their dynamic stability criterion depending 
upon the horizontal and vertical scales of motion, the 
value of the Coriolis parameter, the static stability for dry 
and moist motions and its vertical variation, and surface 
frictional drag and/or forced ascent. Unstable motions 
exist for horizontal scales of motion smaller than a limiting 
radius of several hundred kilometers, and the maximum 
growth rate occurs for disturbances whose horizontal 
extent is about the same as, or smaller than, their height. 
The conclusion that cloud-scale motions grow more rapidly 
than those of meso- or cyclone-scale obviously does not 
preclude the existence of the latter, but relegates their 
explanation to methods not used in this study. It 
appears, further, that the smaller-scale motions, because of 
their compensating dry downdraft regions, tend to dis- 
courage development of larger-scale disturbances unless, or 
until an organized meso-scale or large-scale ascending core 
can be established by nonconvective processes. 

A number of disturbance models, differing in the 
arrangement of moist and dry regions, boundary condi- 
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tions, and the vertical static stability distribution were 
investigated, and the effects on dynamic stability expressed 
in terms of an effective static stability. It was found 
that the existence of a dry stable region with descending 
motions surrounding a moist ascending center (type II, 
case 1) decreases the effective instability in comparison 
with that of a disturbance where both ascent and descent 
are moist unstable. A dry downdraft or ‘‘eye’’ in the 
center (case 3) exerts little influence, while regions of 
bands of alternating moist updraft and dry downdraft 
(case 4) have effects midway between those of each of 
the two components. Motions are very rapidly damped 
above a tropopause or base of a stable layer (type ITI, 
cases 1 and 2), and the latter acts effectively as a solid 
surface. 

The lower boundary condition used generally was that 
w=0 at p=po, but replacement of this condition by one 
more closely akin to the true atmospheric boundary 
condition had very little effect on results. 

The effects of surface friction were evaluated 
rather crude fashion, and results indicate that instability 
is increased somewhat by this effect for cyclone-scale 
disturbances, and that the maximum possible disturbance 
size increases considerably. 

It was shown that an internally self-consistent energy 
equation can be written in which, disregarding friction, 
the sum of the productions of kinetic and available 
potential energy is equal to the heat released by con- 
densation. Analysis of this energy equation shows that 
most of the kinetic and potential energy is released in 
the outer descending region despite its origin in the heat 
released in the inner ascending region. The mechanical 
efficiency of the system was found to be several times 
higher than that of observed tropical cyclones. 

Finally, the effects of nonlinear terms in the primitive 
equations and energy equations were considered. It was 
found that disturbances of cyclone scale are essentially 
nonlinear almost as soon as detectable, but meso-scale 
motions maintain their linear character somewhat longer. 
The nonlinear terms of the cyclone-scale disturbances 
tended to bring the linear disturbances into closer agree- 
ment with observed structure. Further, these nonlinear 
terms yield a second-order stability criterion which per- 
mits subsequent deepening of a small-amplitude disturb- 
ance when the horizontal dimensions are only slightly 
smaller than the critical (vanishing linear growth rate) 
size; that is, for disturbances of the observed scale of 


in a 


tropical cyclones. 

The results of this study fully corroborate Malkus and 
Riehl’s [14] recent work indicating that further significant 
progress toward solution of the problem of tropical cyclo- 
genesis will require more detailed knowledge of the 
dynamics, thermodynamics, and perhaps hygro-kinematics 
of cloud-scale and meso-scale convection. The smaller- 
scale convective processes tend to hinder cyclone develop- 
ment, both by the disruptive effects of dry downdrafts 
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su: rounding the updraft elements, and by the stabilization 
duc to their nonlinear heat transports. These effects 
alone may be sufficient to limit development of tropical 
cyclones to areas and periods when strong forcing dis- 
turbances cause general ascent and moistening of a 
substantial area. 
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WEATHER NOTE 


PRESSURE RISE AT YAKUTAT, DECEMBER 18, 1959 
MAC A. EMERSON 


Weather Bureau Regional Administrative Office, Anchorage, Alaska 





Mr. Albert T. Gorman, observer in charge at Yakutat, 
Alaska, has brought to our attention a phenomenal pres- 
sure rise that occurred in a 3-hour period at Yakutat on 
December 18, 1959. Figure 1 is a reproduction of the 
station’s barograph trace for the period 0800 ast Decem- 
ber 17 to 0500 ast December 20, showing the spectacular 
pressure change. 

Mid-December 1959 was a period of marked cyclonic 
activity in the Gulf of Alaska with a series of closely 
spaced, moderately intense storms, each having a central 
pressure of 970 to 980 mb. On the morning of December 
17, the storm with which the pressure rise was associated 
was located 425 nautical miles southeast of stationary 
weather ship 4YP, and had shown a movement eastward 
at 20 to 25 knots in the previous 24 hours. At this time it 
turned northward into the Gulf of Alaska and by late 
afternoon (Dec. 17) was located 300 miles east of 4YP. 
By 0200 ast, December 18, the central pressure of the 





storm was 974 mb. and it was centered 175 miles west of 
Annette, Alaska. An associated cold front aloft was 
on a line north-northeastward to the vicinity of Juneau, 
while a sharp surface trough with the surface occluded 
front was on a line from the Low eastward to Annette 
and moving northward at 35 knots. Following the surface 
frontal passage, the surface pressure rose 10 mb. in 3 hours 
at Annette, and 13 mb. at Sitka in a similar period, with 
a rise of over 5 mb. in 1 hour. 

The most astonishing pressure change occurred at 
Yakutat with a rise from 29.30 in. (983 mb.) at 1155 ysvr 
(1055 ast) December 18 to 29.575 in. (1001.5 mb.) at 
1455 ysv (1355 ast) December 18—a rise of 18.5 mb. in 
3 hours and 11.1 mb. in a single hour. This may well 
be unique as the greatest hourly surface pressure rise 
associated with an extratropical storm trough on record. 
We would be interested to hear of any other extratropical 
surface pressure rises of similar or greater magnitude. 
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Reproduction of section of barograph trace made at Yakutat, Alaska, 0800 ast December 17, 1959, to 0500 ast December 20, 
Note the exceptionally steep rise on the 18th. 
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THE WIND PROFILE AT THE CREST OF A LARGE RIDGE 


HAROLD S. AYER 


U.S. Weather Bureau, Portland, Oreg. 


{Manuscript received September 9, 1959; revised December 21, 1959] 


ABSTRACT 


A set of observations of hourly wind movement at four levels in the layer 2-14 m. above the crest of a ridge is 
presented. The data are classified into prevailing wind types. During most periods the profile conforms to observa- 


tions in flat terrain only in its lower part, and it does not conform to a normal structure of the free air. 


It is suggested 


that the observed profile represents an incompletely developed turbulent profile due to a short fetch over the ground 


surface. 


1. INTRODUCTION 


There have been a large number of investigations of the 
vertical profile of velocity near the ground, including 
many programs of measurements on towers or masts 
over flat or rolling terrain. There has been comparatively 
little in the way of precise observations above elevated 
terrain features. 

The characteristics of the speed profile on ridge tops 
are of interest in regard to problems of anemometer 
exposure and comparison, and in relation to the general 
field of studies of the effect of topography on wind. In 
particular, it would be of interest to know the degree 
to which the profile resembles the profiles observed in 
flat terrain and the extent to which it varies with diurnal 
changes in thermal stability. Aerodynamic theory, as 
applied to the effects of topography, can be refined to 
more realistic models when the behavior in the “surface 
boundary layer” is known. 


2. OBSERVATIONS AND ANALYSIS 


In a field study in southwestern Washington, recorded 
data were obtained at levels 2.4, 4.0, 7.0, and 13.9 meters 
above the top of a ridge which is oriented north-south. 
The elevation of the ridge top is 875 m. and the local 
relief from valley to crest is about 450 m.; the ridge 
has the sharpest crest and the steepest slopes in the area. 
The site is near the foot of the western slope of the Cascade 
Range. Figure 1 shows the terrain profile near the crest. 
The pitch of the east-facing slope is quite similar to 
that of the west-facing slope. It is perhaps also of im- 
portance, in orienting this particular set of observations, 
to note that wind from almost all directions is subject 
to flow over other major ridges and valleys before reaching 
the site. 

The ground cover varied from bare ground to bushes 
and bracken fern 0.5-1.0 m. in height, scattered clumps 
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of trees about 3 m. in height, and a few conifers 9-15 m 
The trees were not close enough to constitute obstruc- 
tions to the instruments. Because of the irregular 
ground cover it is probably meaningless to define a 
friction surface. 

Robinson three-cup anemometers were used. A com- 
parison test was run with the anemometers side by side 
for a total of 1,600 km. of wind; the lowest and highest 
totals registered were within 3 percent of one another and 
no correction factors have been applied except for the 
standard calibration. There is a question of possible 
instrumental error due to nonhorizontal flow past the 
cups. The departure from the horizontal could not exceed 
the pitch of the ridge slopes, which is about 25°, and was 
probably much less. Wind tunnel tests [1, 2] have shown 
that errors in measurement of wind flow at incident 
angles of less than about 20° are negligible, and non- 
horizontal flow is not considered to be a significant factor 
in the speed data obtained here. 

Observations were recorded from September 15 to 
October 20, 1958. Direction recordings of 60 counts per 
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FicureE 1.—Vertical section through the ridge near the crest. Verti- 
cal and horizontal seales are the same; the heights of anemometers 
are to scale. 
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weather east winds (O68°-113°). 


hour were obtained at the mast top. Frequent visual 
comparisons of directions at mast top and at 2.4 m. 
revealed no systematic variation. Speed data were 
tabulated as hourly totals of wind movement. 

The data were separated into fair-weather periods and 
rainy periods. ‘This selection is partly a subjective process, 
but the separation was considered desirable because 
rainfall has a pronounced effect on lapse rates and hence 
wind structure. The rainy periods consisted entirely of 
winds with a westerly component. The remaining west- 
erly winds, classified as fair-weather winds, were some- 
times accompanied by stratus or stratocumulus. The 
easterly winds, however, were accompanied by near-zero 
cloudiness. North and south winds were too light and 
infrequent to be representative and were discarded. The 
prevailing direction for each hour was tabulated to eight 
compass points. Hours when no single direction prevailed 
more than 50 percent of the time were discarded. Thus 
three general wind classes are treated: rainy westerlies, 
fair-weather westerlies, and fair-weather easterlies. “Each 
of these is stratified by speed ranges and by daytime or 
nighttime hours. Hours when speeds were less than 
2.2 m.p.s. at 4m.on the mast were discarded in order 
to avoid erroneous values due to anemometer torque at 
near-calm conditions. The stratification of speeds was 
based on speeds at 4 m. 


Figure 2 shows the profiles for the east winds. These 


are based on hours when the direction at 13.9 m. was due 


east. Figure 3 shows the profiles for fair-weather west 
winds. Prevailing northwest and southwest winds were 


treated separately, and although the hours of data are 
less the general features of the curves are similar. The 
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data for daytime in the 8-11 m.p.s. range are almost 
entirely from one day and may not be a representative 
sample. In general, the shapes of the curves are similar 
to those for east winds, a principal difference being a 
greater slope within most of the strata (herein ‘“‘greater 
slope’ means greater increase of speed with height). 
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hiatre 5.—-Individual hourly differences in speed in the height 
interval 4.0—13.9 m. for fair-weather west winds. 





One of the first characteristics noted in the profiles is 
the similarity between daytime and nighttime periods in 
most cases. This suggests that diurnal stability varia- 
tions play a less important role in such an exposure than 
in plains and valleys. 

The profiles for the rainy periods are shown in figure 4. 
In this classification, prevailing directions were west 50 
percent, southwest 48 percent, and northwest 2 percent. 
Stratification into west and southwest directions showed 
no significant differences. The profiles are observed to 
have a greater slope than those of fair-weather west and 
east winds, and to have a curvature which is concave to 
the speed axis in the 2.4- to 7-m. height interval. 

Figures 2—4 present mean profiles, but it is also desirable 
to illustrate the scatter about the mean. A test of this was 
arranged by tabulating the hourly differences in speed 
between 4m. and 7 m. and between 4 m. and 13.9 m. 
These tabulations, along with the speed at 4 m., of course, 
represent the individual hourly profiles between 4 m. and 
13.9m. Figure 5 is a scatter diagram of these differences 
lor the fair-weather west winds. The regression line is 
drawn by the graphical method. Figure 6 shows a similar 
plot for the east wind data. 
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Figure 6.—Individual hourly differences in speed in the height 
interval 4.0—-13.9 m. for fair-weather east winds. 





These diagrams can be interpreted as follows. As one 
moves upward along the regression line, a greater slope 
(greater gradient in speed) is indicated. At the lower end 
are a few cases of reversed slope resulting from less speed 
at 13.9m and 7m. than at4m. Moving at right angles 
to the regression line, the area to the left indicates less 
(concave-upward) curvature in the profile and the area 
to the right greater curvature. Since the scatter is much 
larger along the regression line than at right angles to it, 
it can be seen that the curvature is a more conservative 
property than the slope. 


3. DISCUSSION 


If the air stream over the crest had the same structure 
as that of the free air, implying infinite shear at the ridge 
line, we would expect to observe a nearly constant speed 
in the vertical. Even if an extreme shear in the free air 
is taken, say 5 m.p.s. per 100 m., this would be equivalent 
to only 0.7-m.p.s. difference in the interval 4 to 13.9 m.; 
normally it would be much less. This nearly constant 
speed is only characteristic of the speed class 2-7 m.p.s. 
in the east winds. 

The question naturally arises as to whether or not the 
observed profile is identical with the fully turbulent 
logarithmic or power-law profiles, observed over flat 
terrain under conditions of small temperature gradient. 
A graph of speed on a linear scale and height on a logarith- 
mic scale should result in a straight-line plot if the data 
conform to the logarithmic law. Figures 2—4 show that 
the straight-line relationship does not hold too well, 
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log coordinates. Day and night hours are combined. 


especially in comparing the 2.4—4-m. layer with the lavers 
above. 

The simple form of the logarithmic law assumes a con- 
dition of neutral stability and might not be expected to 
apply to conditions on a ridge top. Theoretical extensions 
of the law to other condftions of lapse rate show that a 
profile curve which is convex toward the speed axis, as 
in figures 2—4, is typical of super-adiabatic lapse rates [3]. 
This is supported by observations, for example, by 
Johnson [4]. However, lapse rates on the ridge, if not 
neutral, would be expected to occur more frequently 
in the stable category than in the unstable one, favoring 
a profile concave toward the speed axis. Most of the 
profiles in figures 2-4 are convex toward the speed axis. 

A power law has been found to fit observed data by 
several investigators. DeMarrais [5] has presented a 
comparison of the logarithmic and power laws in layers 
above the lowest few meters. His results favor the power 
law. It is usually expressed as 


~ > a 
Uu=U;, (=) 
\*1 


where wu, is a given speed at height 2,; the exponent a@ is 
assigned values appropriate to a particular investigation 
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Figure 8.—Vertical profiles of west-wind speed at ridge top, on log- 


log coordinates. Day and night hours are combined. 


and is shown to vary with stability and other factors. 
A plot of log uw against log z should result in a straight 
line if the power law holds. The factor a must be constant 
with height in order for a straight-line plot to result. 
The changes in the value of a with height which have been 
determined [5] are very small related to the height interval 
here, so we should expect a straight-line plot if the wind 
over the ridge has the same structure as that over flat 
terrain. Figure 7 shows the data for the east winds 
plotted on log-log coordinates. Again the straight-line 
relationship does not hold too well, although the fit is 
better than in figure 2. 

The primary evidence that the profile does not cor- 
respond to that over flat terrain is provided by the value 
of the exponent a. In the layer 4—13.9 m. the mean value 
of a from figure 7 is near 0.07, a value significantly less 
than values obtained over flat surfaces, which range from 
about 0.10 to 0.75. This discrepancy does not appear in 
such clear-cut fashion in the west wind data nor in the 
layer 2.44 m. in any of the profiles. Within the layer 
2.4-4 m., and at times in the layer 4-7 m., the value of 
a does lie within the range obtained in observations over 
flat terrain. 

In this connection a statement by Rossby and Mont- 
gomery [6] is of interest: “It is probable that the 2 value 
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de‘ermining the velocity profile in the first few meters 
above the surface depends upon the character of the 
ground within, say, the nearest hundred meters, whereas 
the 2 value determining the velocity profile higher up . . . 
presumably depends on the character of the landscape 
over a distance of many kilometers.”” Rossby and Mont- 
gomery supposed that the adjustment of the mixed layer’s 
depth to the effect of varying roughness is rapid. It 
appears quite possible that an air stream which strikes 
a rough surface after having been previously above the 
surface boundary layer requires some period of time of 
the order of a few minutes to develop a turbulent profile 
to the height normally attributed to the surface boundary 
laver (about 30 m.). If the air stream approaching the 
slope of the ridge is characterized by vertical shear below 
the level of the crest and also by converging trajectories 
toward the crest, then the upper part of the current would 
not have been in contact with the ground surface in its 
immediate history. The lower part may have had only 
a short fetch of some tens of meters over the ground 
surface. There may then be insufficient time for the 
turbulent profile to develop to its full extent by the time 
it moves over the crest. It is suggested that this is the 


explanation of the different characteristics of the lower 
and upper parts of the 13.9-m profile. 
Knowledge of the profile of the incoming wind in a deep 


MONTHLY WEATHER REVIEW 23 


layer upstream, along with temperature lapse-rate condi- 
tions, would be necessary for establishing definitely the 
nature of the effect of the ridge. It appears quite possible 
that some of the characteristics of the profiles could be 
explained by a jet over the ridge, or that the vertical 
gradient of speed represents a simple barrier—or obsta- 
cle—effect. With either of these cases as a unique expla- 
nation, however, one should expect to observe a profile 
which is concave to the speed axis. 
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ABSTRACT 


Mean monthly values of precipitable water have been computed for radiosonde stations in the United States 
for the period 1946-56. The individual monthly values and an elementary statistical analysis are presented for 52 


stations with data during all or part of the period. 


1. INTRODUCTION 


Precipitable water is a measure of the moisture content 
of the air and can be expressed as the depth to which 
liquid water would stand over a unit area if all the water 
vapor in a column from the surface to some upper level 
were condensed. Solot [1] has presented a derivation of 
an expression for precipitable water. Since precipitable 
water is an expression for the total amount of moisture 
in the air, it is used in forecasting or as a research tool 
whenever such a measure is needed. Despite its increasing 
application, little information about its magnitude is 
found in the literature. Shands [2] using data compiled 
by Ratner [3] published values of mean monthly pre- 
cipitable water for 29 stations in the United States. The 
length of record was about 4 vears for most of the stations. 
Since that time, few data of that tvpe have been published. 

The Institute of Atmospheric Physics of the University 
of Arizona has computed mean monthly values of pre- 
cipitable water for 52 radiosonde stations, most of which 
are in the continental United States. The stations are 
listed in table 1 and their locations are shown in figure 1. 
In general, the length of record is 11 years, from 1946 
through 1956. These computations were begun in 1957 
in answer to a request for mean monthly precipitable 
water data for use by research groups at the University 
of Chicago. At that time, values were computed for 
46 stations for a 3-vear period, 1954-56. Since these 
original computations were made, additional mean 
monthly radiosonde data on IBM puncheards have been 
received and computations made. This report summarizes 


The work reported here was supported by the Office of Naval Research under contract 
No. ONR 2173-02. 


and presents the mean monthly values of precipitable 
water that have been computed. 


2. DESCRIPTION OF THE COMPUTATIONS 


The data used in these calculations were mean monthly 
radiosonde data on IBM puncheards obtained from the 
National Weather Records Center in Asheville, N.C. 
The cards contain the mean temperature, relative 
humidity, and height (mean pressure for surface observa- 
tions) of pressure surfaces at 50-mb. intervals beginning 
at the surface, then 1,000 mb. The 50-mb. level at 
which temperature and relative humidity values begin 
is governed by the elevation and surface pressure at each 
station. Precipitable water was computed from the 
surface to 325 mb. and was based primarily on radiosonde 
data taken at 0300 emr. 

The mean data utilized in computing precipitable 
water are the temperature and relative humidity. The 
expression evaluated was 





Wat ne 
g ) 


W= precipitable water (cm.) 
e=ratio of the molecular weight of water 
vapor to that of dry air 
g=acceleration of gravity (em. sec.~*) 
¢,=saturation vapor pressure, (mb.) deter- 
mined using the mean temperature 
U’=relative humidity 
p=pressure (mb.) at the point of observation 
Ap=depth of the layer (mb.) surrounding the 
point of observation, usually 50 mb. 


where 
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TaB.e 1. -List of station names and numbers for which calculations The expression results from the basic derivation and 
of mean monthly precipitable water were made, and the number of . i ie ; 
the usual assumption that there is no significant differ- 


months of record 
ence between the density of moist and dry air. The com- 


Num- Num- : : — ee 
No Station Name ber of || No. Station Name berof putations were made using an IBM-—650 digital computer 

months months ‘ i 7 . 

and supporting machines operated by the Numerical 
14735 | Albany... 86 | 13963 | Little Rock : 132 Analysis Laboratory of the University of Arizona. 
23050 Albuquerque 132 oo see . E.. Th f ls $ ; . r : : 
26409 Anchorage. 96 2422: Medfor« 32 ,_ Vv > “. Th . TAS star . s - 
senas | Siammareh 139 Laas Miami é‘ 11s ie Value of relative humidity was determined using 
24131 ~=Boise_. 132 2302° Midlanc < . _— . ~ sotin , » 
eee | eemaniia iso ri Nantucket. 1s both the actual observations and the statistical values of 
04738 | Buffalo. 132 13897 Nashville... : 26 ; Pee * 3o4 N eu ee . ae y ; . 
9883 | Burrwood 17 402s North Platte 182 relative humidity. Statistical values are Weather Bureau 
14607 | Caribou-_- 117 23230) =60¥Oakland__. 3 e - ° ae 3 , . P 
13880 | Charleston... 13213967 | Oklahoma City 132 estimates of relative humidity when “motorboating” 
ees | Dados Cl iz || 2518s | Phoents 132 urs; that is, when the moisture content of the air i 
13985 Dodge City 132 23183 *hoenix 32 occurs 5 2 Ss, hie Ss rn . * is 
23044 ~El Paso__. 131 94823 Pittsburgh 124 : eee pees 
23154 Ely 13214764 Portland _- ; 1832 low, bevond the measuring capabilities of the humidity 
26411 | Fairbanks 119 24090 =Rapid City-_-- 132 - bo : Z . 
13911 | Fort Worth. 105 || 14996 | 8t. Cloud. 14 element. When the number of actual observations (Good 
23066 > Grand Junction 132 12921 San Antonio 132 
| eR ad age '* Counts) is less than 15, the Weather Bureau does not 
ola b - « Ds = - o e 
11706 | Guantanamo Bay 86 23273 «=Santa Maria 132 : . ss , oo SS 
1s748 | Hatteras... Wd | asi7 | Sault Ste, Marie 132 compute a mean monthly value of relative humidity, 
12664 yan 66 24244 | Seattle _- ‘ . ; , i ee 
14918 | International Falls. 132 | 24157 | Spokane... 1322 However, in this study, relative humidity was computed 
13941 | Lake Charles... _- 120 12842 Tampa- : 132 ‘ ere ; we. ‘ 
24021 | Lander... 132 || 24240 Tatoosh Island. 132 using the actual observations and the statistical values 
23169 | Las Vegas 132 93722 Washington, D.C 132 7 - 
even when the number of actual observations was below 15. 
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Fiaure 1.—Station names, locations, and number of months for which values of mean monthly precipitable water were computed 





1860 


and 
ffer- 
O1nN- 
uter 
“ical 


silig 
s of 
Pau 
ne” 
r is 
ity 
rod 
not 
ty, 
ted 
1es 


15. 











Janvuaky 1960 


MONTHLY WEATHER REVIEW 27 





TanLeE 2.—Mean monthly values of precipitable water (cm.) from the surface to 325 mb., computed using mean monthly radiosonde data. 
Standard deviations and coefficients of variation were computed for months with nine or more individual values of precipitable water. The 
yearly mean ts the average of the 12 monthly values, not adjusted for variations in the length of the months. 
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Bismarck : 24011 Sfe. Press. 955 mb, Elev. 505 





1946 | 0.56 


Jan. Feb. March April May June July _Aug. Sept. Oct. Nov. Dec. | Mean 


0.59 1.05 1,19 1.37) 2.22) 2.59 2.23 1,95 1.19 0.866 0.62] 1.37 
1967 | 0.59 0.46 0.55 1.03 1.28 2.25 2.53 2.76 1.90 1.64 0.63 0.67] 1.36 
19468 | 0.48 0.50 0.61 1.08 1.67 2.25 2.7% 2.57 2.01 1.18 0.78 0.69 | 1.35 
1949 | 0.49 0.48 0.67 0.99 1.7% 867.41 2.67 2.50 1.55 1.32 0.96 0,5@ | 1.33 


1950 | 0.36 0.56 0.60 0.81 1.44 1.83 2.399 2.35 1.9% 1.46 0.66 0.66 | 1.25 
1951 |} 0.44 0.61 0.49 0.81 1% 1.85 2.51 2.55 1.73 1.32 0.67 06.66 | 1.23 
1952 | 0.53 0.67 0.57 0.94 1.38 2.42 2.29 2.43 1.78 0.92 0.76 0.66 | 1.28 
1953 |} 0.71 0.60 0.75 0.84 1.52 2.32 2.43 2,646 1.646 1.38 0.99 0.68 | 1.37 
1954 | 0.48 0.85 0.59 0.96 1.21 2.15 2.71 2.55 2.00 1.26 0.98 0.67 1.3? 
1955 [0.55 0.48 0.52 1.15 1.67 2.18 2.96 2.76 1.75 1.22 0.60 0.57 1% 


1956 | 0.58 0.50 0.58 0.76 1.67 2.42 2.51 2.43 1.66 1.26 0.83 0.76 1.33 
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Mean 0.53 0.57 0.64 0.96 1.47 2.18 2.58 2.52 1.81 1.29 0.79 0.62] 1.33 
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A limited amount of correction was made to 
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data to make the computations as complete as possible, 
li, some instances, 1500 @mr data were substituted for 
the basie 0300 Gur data, a practice which does not intro- 
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ce ih tke 
Dev © 0.08 O.12 O.15 O.16 0.18 0.19 0.19 0.15 0.16 0.186 0.15 0.09 0.06 
c.v.(%)) 16 20 24 is 12 9 ? 6 9 “ is is 5 
Boise 2413) Sfe. Press. 915 mb, Elev. 566 = 
jan. Feb. March April May june July Aug. Sept Oct. Nov. Dec Mean 
1946 | 0.74 0.78 0.96 1.16 1.27 1.45 1.87 1.62 1.43 1.15 1.02 0.% 1.20 
1947 | 0.67 v.95 1.05 1.09 1.357 1,63 1.52 1.44 1.55 1.56 1.01 91 1.25 
1948 | 0. 84 0.7% O.7% 1.06 1.37 2.06 1.73 1.61 i.62 1.20 0.% 66 | l.i9 
1949 | 0.42 68 0.92 1.0 8 2:8 t. 4.7 t.9. 000 18 % |i 
| 
1950 }0.59 0.91 0.93 0.92 LAL 1,67) 1.657) 1.69 159140 8 1.18 
1951} 0.76 0.85 0.76 0.96 1.29 1.33 1.67 1.67 1.12 1.23 0.96 0.76 1.41 
| 
1952 | 0 1 0.79 1.03 #2 1.7) 1.6 1.510 1.29 07 ) 95 | 2.43 
1953 | 1.1 "9 0.9 ). 90 1.16 1.49 1.45 1.65 1.42 1.28 21 89 1.19 
19546 83 0.96 Oo. % 0.95 1.23 1.56 i,7l 56 1,23 1.06 1. 0.78 i.e 
1955 ? 0.63 65 96 1.16 1.55 1.82 1.29 8 20 0.89 it) ” 
1956 00 1.58 1.60 1.64 1,67 22 1.2 1.9% 0.89 i.is 
— — -_ — —— ————— — — 
No il 1) 1 il ll 1 1 1 
Mean 84 "1 331.60 aS 59 38 23 2 0.8 
“sed = . 
Dev © 8 0.1 18 ».15 0.16 0.16 0.046 
C.V.(%)} 23 16 1 8 12 li 8 & li 12 16 16 ~ 
Brownsville 129 Sfc. Press. 1014 amb, Elev ? es 
nal ol Jan Feb. March April May June uly Aug. Sept. Oct. Nov. —y Mean 
1946 | 2.31 2.62 2.37 3.13 4.04 3.99 3.97 3.90 4.92 3.68 3.39 2.4% 3.42 
1967 | 2.66 1.99 2.19 3.16 3.68 3.65 3.99 6.67 3.86 3.62 3.08 2.76 3.21 
1948 | 2.26 2.70 2.69 2.50 3.73 3.69 4.52 4.26 4.11 3.95 - 2.861 2.73 | 3.29 
| 
1949 | 2. 7¢ 3.07 2.9 3.23 3.74 4.91 4.26 3.97 4.64 3.63 1.99 .20 3.46 
1950 | 2.9 % 2.72 3.36 3.98 3.90 4.13 3.95 4.20 3.28 “ pe ee 
| 
1951 2.26 2.01 2.0 2.79 3.72 4.97 6.18 4.26 4.56 3 sé &3 2 
| 
952 | 2.546 ) | 2.66 2.86 3.02 4.1 4.16 3.98 3.73 "4 6 } 1.046 
1953 | 1. 6¢ 2.37 3.12 2.93 3.27 3.59 4.246 4.45 3.25 3.13 2.35 2.32 
1954 | 2.42 2.2% 2.3% 3.18 3.21 3.86 4.09 4.16 4,2 5 2.43 2,03 | 3.14 
1955 | 2.3 2.32 2.53 2.83 3.20 3.286 4.56 4.56 i 3.08 1.26 2.31 
! 
1956 | 2.11 2.56 2.45 2.99 3.41 996 86.06 4.11 71 3.26 2.56 2.62 
No. | 11 11 1? 11 il il 12 ¥ il 11 i 12 ul 
as ole, a & "se ae we re 5 oe » ie 
j 
Mean | 2.35 2.63 2.60 2.99 3.53 3.62 4.19 4.19 & “9 | 
"sed ~ | sped cid ; . ; Brae 
Dev" | 0.34 0.36 0.27 0.26 0.34 0.25 0.18 26 2 48 : 8 
C.V.(%) 14 14 10 “ 0 6 4 6 


duce significant error. Published mean monthly radio- 
sonde data from the Monthly Weather Review and Climato- 
logical Data, National Summary were used to correct and 
complete the data when appropriate. At temperatures 
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Buffalo, N.Y. 06738 Sfc. Press. 990 mb; Elev. 182m] Charleston * 23880 Sfc. Press. 1016 ab; Elev. 13 9 
lan. feb. March April Mey June July _Aug. Sept. Oct. _Mov. Dec. | Mean j}_____}_jem. Feb. Merch April Mey  _hme July fg. Sept. Oct. Mov. Dec. | Mean 
1966 10.66 0.63 1.19 1.02 1.70 2.31 2.69 2.63 2.21 1.85 1.30 0.76 | 1.55 19466 [1.76 1.55 2.06 2.21 3.25 3.55 4.73 6.40 3.88 2.56 2.67 1.71 | 2.96 
1967 |0.86 0.50 0.63 1.27 1.78 2.19 2.72 3.36 2.39 1.85 0.92 0.70 | 1.60 1967] 2.26 0.99 1.31 2.77 2.86 3.59 4.12 4.58 3.96 3.26 2.18 1.82] 2.81 
1968 |0.47 0.66 0.91 1.460 1.69 2.66 2.91 2.56 2.15 1.39 1.36 0.77 | 1.56 1968 1.51 2.16 2.30 2.45 3.06 3.75 6.88 4.17 3.76 2.13 2.91 2.00] 2.92 
1969} 1.01 0.7% 0.86 1.08 1,70 2,65 3.29 2.66 1.93 1.72 1.03 0,80 | 1.62 FF 1969} 2,28 2.13 1.81 2.23 3.06 6.36 42472 3.78 3.39572 | 2.95 
1990} 1.00 0.66 0.71 0.98 1.68 2.23 2.62 2.68 2.25 1.77 1.12 0.67 | 1.53 ff 19590] 2.36 1.60 1.68 1.66 3.26 6.06 4.58 4.08 3.67 2.86 1.51 1.38] 2.72 
1951 | 0.80 0.86 0.65 1.22 1.66 2.68 2.91 2.53 2.17 1.58 0.91 0.76 | 1.56 ff} 1951 | 1.60 1.60 1.86 2.00 2.68 3.80 6.63 6.46 64.09 3.11 1.862 1.7%] 2.71 
1992 }0.60 0.68 0.81 1.32 1.61 2.56 3.01 2.61 2,12 12.26 1.18 0.91 | 1.57 ff 1952] 1.88 1.59 1.62 1.66 2.86 6.463 4.33 4.65 3.55 1.90 1.78 1.60] 2.66 
1953 | 0.89 0.73 0.95 1.08 2.13 2.53 2.78 2.59 2.08 1.45 1.06 0.83 | 1.59 ! 1953] 1.57 1.75 1.91 1.90 3.00 3.81 4.43 4.09 3.63 2.37 1.73 1.7% | 2.66 
1956 ]0.65 0.79 0.69 1.462 1.6) 2.87 2.58 2.67 2.35 1.99 1.09 0.75 | 1.60 1956] 1.55 1.42 1.58 2.62 2.56 3.46 4.22 6.43 3.70 2.32 1.66 1.37] 2.57 
1985 }0.59 0.76 0.62 1.60 1.92 2.26 3.02 3.38 2.10 1.77 1.09 0.61 | 1.66 1955} 1.66 1.50 1.96 2.16 3.02 3.08 4.22 4.52 4.39 2.38 1.66 1.52] 2.66 
1996 |} 0.82 0.76 0.68 1.07 1.60 2.67 2.78 2.78 1.63 1.61 1.10 1.06 ] 1.56 1956} 1.21 2.00 1.60 1.83 3.15 3.83 4.57 6.40 3.468 3.16 1.66 1.68] 2.73 
Ro. ll ll ll ll ll ll ill ll ll ll ll ll ll No. ll ll ll ll ll ll ll ll ll ll ll ll ll 
Mean 0.78 0.70 0.83 1.22 1.72 2.45 2.83 2.75 2.16 1.66 1.11 0.78 | 1.58 Mean 1.74 1.65 1.79 2.15 2.%6 3.79 4.45 6,399 3.81 2.68 1.92 1.66 | 2.75 
ed © 10.17 0.09 0.16 0.19 0.19 0.20 0.23 0.37 0.16 0.23 0.16 0.12 0.05 = 0.39 0.35 0.27 0.35 0.25 0.39 0.23 0.20 0.26 0.49 0.67 0.21 0.12 
C.¥.(%)] 22 13 9 16 il 8 * 13 ? 14 13 15 3 C.V.(%)} 22 21 15 16 9 10 5 5 ? 18 246 13 4 
Burrwood 12863 Sfc. Presse. 1017 mb, Elev. 3 m§# Columbia _:_13983 Sfe. Press. 988 mb; Elev. 238 » 
5‘ Jen. Feb. Merch April Mey  _June July _Aug. Sept. Oct. Nov. Dec. | Mean —Jen._ Feb. Merch April Mey June _July _Aug. Sept. Oct. Nov. _Dec. | Mean 
1946 2.18 6.2% 6.37 6.01 2.96 3.11 1.72 1946 0.79 1.95 1.79 2.19 2.68 3.399 3.27 2.72 1.91 2.51 1.32 
1967 | 2.61 1.35 21.72 2.93 3.26 4.22 3.90 4.66 4.15 3.18 2.50 2.08] 3.03 19467 10.93 0.58 0.86 1.78 2.09 3.43 3.00 4.10 2.63 2.41 1.19 0.96 | 2.00 
19468} 1.78 2.41 2.70 2.55 2.97 3.863 4.54 452 3.86 2.29 2.70 2.26] 3.03 1948 10.65 1.06 1.23 1.79 2.16 3.25 3.78 3.69 2.62 1.51 1.30 1.00 | 1.99 
1969 | 2.52 2.53 2.12 2.66 2.99 4.37 5.00 4.66 4.26 3.98 1.63 2.20] 3.22 1969} 1.11 0.96 1.16 1,65 2.52 3.77 6.36 3.36 2.18 2.06 1.07 0.95 | 2.07 
1950 | 2.92 2.18 1.96 2.28 3.41 4.11 4.58 4,50 4.07 2.91 1.95 1.88] 3.06 1950} 1.15 1.06 0.97 1.37 2.31 3.12 3.10 3.16 2.76 1.91 0.93 0.83 | 1.89 
1951 | 1.89 1.90 2.26 2.30 2.71 3.93 4.60 4.867 4,73 3.21 1.93 2.36] 3.06 1951 10.78 1.16 1.08 1.37 2.06 3.21 3.70 3.37 2.55 2.07 1.00 0.91 | 1.94 
1952] 2.38 2.10 2.10 2.06 3.01 4.01 4.26 4.61 3.99 1.72 2.08 2.20] 2.87 1952 }0.98 0.91 1.05 1.48 2.19 3.59 3.62 3.30 2.17 1.05 1.09 0.92 | 1.86 
1953 | 1.72 2.26 2.68 2.65 3.05 4.15 6.61 6.63 3.20 2.35 2.23 2.21] 2.93 1953 /0.98 0.88 1.18 1.39 2.17 3.39 3.35 2.88 2.12 1.72 1.07 0.85 | 1.83 
1954 | 1.92 1.71 1.90 2.66 2.66 3.78 6.67 4.13 3.90 2.96 1.93 1.71] 2.86 1954 10.86 0.99 0.90 1.86 1.83 3.12 3.76 3.99 2.61 2.12 1.22 0.97 | 2.02 
1955 | 1.81 2.10 2.22 2.63 2.95 3.18 4.65 4.55 6.72 2.75 2.67 2.10] 2.98 1955 ]0.81 0.89 1.06 1.70 2.38 2.76 6.16 3.32 2.55 1.63 1.01 0.92] 1.93 
1956 | 1.61 2.36 2.26 2.31 3.36 3.465 4.06 6.06 3.61 2.89 1.90 2.16] 2.83 1956 10.93 1.05 0.96 1.25 2.55 3.06 3.53 3.463 2.20 1.76 1.16 1.15 | 1.92 
No 10 ll 10 10 10 10 ll ll ll 1l ll ll 10 f Dae: we ‘ ul ll ll ll ll ll ll ul ll ll ll 10 
Mean | 2.10 2.10 2.17 2.48 3.03 3.90 6.63 4.69 4.06 2.86 2.22 2.08] 2.99] Mean /0.92 0.96 1.09 1.57 2.22 3.23 3.61 3.43 2.67 1.83 1.16 0.96 | 1.95 
“sed - 3 7 es © me ee ee Se eae ee ee Te eRe ars yt, ene eee ee, Se Re ge: Vee 
Dev 0.43 0.34 0.28 0.27 0.25 0.36 0.31 0.26 0.46 0.58 0.463 0.22 0.129 Dev 0.15 0.16 0.19 0.22 0.21 0.31 0.41 0.36 0.26 0.36 0.16 0.10 0.08 
C.¥.(%)} 21 16 13 li ” 9 ? 5 ll 20 20 10 4 | c.v.(%)) 16 Se | 14 9 9 ll 10 10 20 le 10 
Caribou : _14607 Sfc. Press. 991 mb; Elev. 191 mB podge City : 13985 Sfc. Press. 924 mb, Elev. 7920 
____|_Jan._ Feb. March April Mey June july _Aug. Sept. Oct. Mov. Dec. | Mean § | jan. Feb. March April May June July Aug. Sept. Oct. _Nov. _ | Mean 
1946 10.66 0.66 0.76 0.86 1.4646 1.95 2.67 2.65 1.868 1.68 0.87 0.49 | 1.29 1946 | 0.70 0.68 1.07 1.49 1.65 2.60 2.75 3.15 2.66 1.67 1.17 0.88 | 1.67 
1947 | 0.62 0.56 0.57 0.66 1.47 2.07 3.19 2.66 1.90 1.52 0.90 0.48 | 1.37 1967 10.67 0.68 0.91 1.32 1.98 2.49 2.85 3.11 2.18 1.88 0.99 0. 1.65 
1968 10.37 0.30 0.48 0.84 1.61 1.75 2.40 2.61 1.79 1.21 1.09 0.58] 1.26 1948 | 0.78 0.90 0.86 1.19 1.78 2.88 3.13 3.00 2.12 1.19 0.89 0.75 | 1.62 
1969} 0.52 0.68 0.646 0.96 1.39 2.36 2.59 2.68 1.91 1.460 0.83 0.65 | 1.35 1949 10.78 0.73 1.05 1.36 2.13 3.08 3.66 3.06 2.39 1.65 1.05 0.66} 1.80 
1950 | 0.57 0.42 0.50 4.23 2.09 2.37 1.51 1.12 0.70 1950 | 0.70 0.86 0.75 1.15 1.71 2.64 3.25 2.97 2.36 1.63 0.89 0.86] 1.64 
1951 0.68 0.68 1.37 1.86 2.43 1.86 0.84 0.54 1951 | 0.68 0.91 0.77 1.10 2.00 2.69 3.46 3.35 2.05 1.59 0.95 0.73] 1.69 
1952 0.58 0.63 1.46 2.10 2.35 1.92 0.89 0.63 1952] 0.72 0.76 0.85 1.29 1.86 2.85 2.60 3.26 1.87 0.99 0.90 0.70] 1.57 
1953 0.53 0.76 1.43 1.97 2.25 1.95 1.06 0.69 1953 | 0.83 0.69 0.96 1.20 1.79 2.62 3.44 3.00 2.02 1.53 1.06 0.73 | 1.66 
1956 19.42 0.69 0.56 0.78 1.56 2.03 2.63 2.10 1.78 1.463 0.88 0.65] 1.27 1954] 0.77 0.85 0.76 1.33 1.89 2.35 2.97 3.13 2.16 1.66 0.96 0.69] 1.62 
1955 10.57. 0.53 0.58 0.94 1.57 2.16 2.66 2.57 1.74 1.30 0.83 0.63] 1.31 1955 | 0.68 0.63 0.67 1.06 1.88 2.25 3.16 3.06 2.2% 1.30 0.72 0.79] 1.53 
1996 | 0.88 0.66 0.42 0.91 1.01 2.16 2.22 2.02 1.67 1.3% 0.91 0.60] 1.22 1956 | 0.80 0.67 0.69 0.98 2.02 2.67 2.97 2.68 1.83 1.43 0.83 0.73] 1.52 
No. 6 il ll ? il ll 7 il il 7 ll il 7 Mo. | 11 ll ll ll ll ll ll ll ll ll ll ll ll 
Mean | 0.52 0.52 0.60 0.86 1.60 2.05 2.56 2.39 1.81 1.38 0.93 0.59] 1.309 wean | 0.7% 0.76 0.85 1.22 1.88 2.63 3.13 3.07 2.15 1.50 0.95 0.75] 1.66 
: a oe Pal pai ae wi Cr beey Fa ee oe ee a a ee ee ae ee Te Me ee eee ne fee ee ae ee eee on ae ane ee 
Dev 0.12 0.16 0.16 0.17 0.20 0.13 0.11 0.09 Dev 0.06 0.11 0.16 0.15 0.15 0.25 0.30 0.18 0.20 0.25 0.12 0.06 0.07 
c.¥. (2) 23 23 ll - - ? 12 16 C.v.(%)} 8 ls 16 12 « 9 10 6 9 17 12 « 5 


below —40° C., relative humidity data are not obtained 
When the mean monthly temperature 
for a laver was below —40° C. and no mean relative 
humidity was given, the precipitable water was assumed 
Missing relative humidities at 350 mb. were 


from radiosondes. 


to be zero. 











priate temperature. 





corrected using the ‘‘motorboating” value for the appro- 


This was done only at 350 mb. and 


putation for a month. 


only when such a correction would complete the com- 
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_p Paso 2 23046 Sfc. Press. 881 mb; Elev.1195 mj) Fort worth :_13911 Sfc. Press. 995 mb; Elev. 178 = 
= © Feb. March April May June July Aug. Sept. Oct. Mov. _Dec. | Mean Jen. Feb. March April Mey June July _Aug. Sept. Oct. Nov. _Dec. | Mean 
1946 | 0.85 0.83 1.13 1.02 1.82 2.51 2.71 2.75 1.60 0.88 0.9% 1966 | 1.37 1.32 1.72 2.18 2.79 3.39 3.40 3.76 3.72 2.52 1.75 12.53] 2.45 
1967 | 0.81 0.67 0.90 0.77 1.33 1.58 2.25 2.93 1.7h 1.25 0.89 O.7L] 1.32 1947} 1.31 0.98 1.38 2.30 2.59 3.22 3.60 3.87 3.02 2.65 1.51 1.38] 2.380 
1968 | 0.73 0.88 0.72 O.85 1.23 2.11 2.66 2.56 2.13 1.66 0.66 1.05 | 1.46 1968} 1.13 1.60 1.66 2.23 2.86 3.39 4.11 3.79 2.78 1.96 2.05 1.83] 2.43 
1949 | 0.90 0.75 0.76 1.08 1.3 82.06 3.06 2.92 2.72 1.56 0.89 0.89 1.57 1949 | 1.62 1.43 1.82 3.29 4,15 
1950 |} 0.92 0.868 0.76 0.868 0.97 2.00 3.17 2.33 2.17 1.76 0.83 0.76 1.45 1950 2.13 3.11 3.68 4.™% 3.43 
1951 | 0.69 0.90 0.86 0.97 1.15 1.28 2.88 3.046 1.91 1.60 1.06 0.8 1.43 1951 1.55 4.00 4.99 2.4 1.77 
1952 | 1.02 0.67 0.70 1.19 1.31 2.6@ 2.90 2.82 1.81 0.99 0.99 0.76 1.46 1952 1.54) «61.59 2.89 4.2%6 3.57 1.71 
1953 | 0.68 0.58 O.91 O.81 0.96 1.66 2.88 2.38 1.30 1.20 0.80 0.58] 1.22 1953} 1.19 1.22 1.867 1.96 2.73 3.70 6.46 4.46 2.77 2.59 1.65 1.25] 2.49 
1954 | 0.72 0.69 0.77 0.95 1.33 1.62 2.66 2.96 2.45 1.66 0.77 0.66 1.43 1954 | 1.50 1.20 1.26 2.69 2.98 3.51 4.08 3.91 3.02 2.72 1.49 1.32] 2.47 
1955} 0.73 0.51 0.83 0.66 1.22 1.52 2.92 2.93 2.11 1.51 0.82 0.93 | 1.39 1955 | 1.30 1.21 1.65 2.10 2.99 3.42 4.27 4,21 3.69 2.05 1M 1.19] 2.45 
1956} 0.85 0.72 0.60 0.83 1.02 2.22 2.61 2.42 1.60 1.29 0.62 0.77 1.380 1956} 1.30 1.41 1.26 1.87 3.06 3.75 3.72 3.26 2.51 2.66 1.33 1.67] 2.28 
Mo. ll 10 ll ll ll ll ll ll lu ll lu ll 10 Mo. 8 9 9 9 10 9 10 9 8 & 9 ? ? 
Mean 0.81 0.73 0.79 O.92 2.17 1.86 2.77 2.73 2.06 1.66 0.86 0,81] 1.41 Mean 1.36 1.32 1.55 2.12 2.93 3.58 6,00 3.91 3.12 2.64 1.62 1.42] 2.45 
z 0.1L 0.13 0.10 0.26 0.16 0.36 0.26 0.27 0.46 0.26 0.13 0.16 0.10 7 “ 0.20 0.23 0.31 0.20 0.27 0.38 0.39 0.23 
c.v.(%) 16 18 12 18 13 18 10 10 22 16 16 7 8 c.¥.(%) 1s 15 15 7 & 9 10 4 
Ely + 23154 Sfc. Press. 808 ab; Elev. 1908 aj Grand Junction : 23066 Sfc. Press. 852 ab, Elev. 1474 
___|_Jan._ Feb. March April May June July Aug. _Sept. Oct. Nov. _Dec. | Mean Jan. Feb. March April May June July Aug. Sept. Oct. Nov. _Dec. | Mean 
1946 | 0.47 0.49 0.62 0.88 0.97 0.98 1.63 1.56 1.06 0.85 0.68 rey 0.90 19466 | 0.56 0.55 0.76 1.09 1.17 1.17 1.96 2.22 1.19 1.08 0.86 0.80] 1.12 
1947 | 0.43 0.67 0.69 0.84 1.20 1.32 1m 861.37 1.19 1.08 0.61 0.57 | 0.93 1947 | 0.51 0.70 0.77 0.89 1.35 1.61 1.96 2.64 1.57 1.44 0.76 0.68 1.22 
1948 | 0.55 0.51 0.467 0.69 0.84 1.20 1.12 1.12 1.03 0.77 0.59 0.50 | 0.78 1948 | 0.62 0.63 6.70 0.95 1.07 1.58 1.81 2.00 1.50 1.01 0.75 0.65 iu 
1949 | 0.35 0.41 0.63 0.70 1.08 1.17 1.32 1.26 1.07 0.96 0.81 0.53 | 0.86 1949 | 0.568 0.56 0,88 1.06 1.41 1.7% 2.28 1.90 1.64 1.21 0.90 0.65 1.23 
1950 | 0.43 0.56 0.57 0.66 0.85 0.88 1.76 1.15 1.35 0.85 0.78 0.72 | 0.88 1950 | 0.62 0.75 0.66 0.86 0.95 1.05 2.07 1.55 1.67 0.96 0.76 0,79 1.06 
1951 | 0.52 0.53 0.52 0.88 1.00 1.16 1.72 1.66 0.87 0.77 0.70 0.54 | 0.88 1951 |} 0.61 0.65 0.57 0.90 1.22 1.26 1.79 1.98 1.12 1.06 0.68 0.63 | 1.06 
1952} 0.49 0.44 0.56 0.83 0.96 0.96 1.65 1.468 1.10 6.57 0.50 0.63 | 0.85 1952 | 0.61 0.60 0.66 0.99 1.21 1.36 1.89 2.30 1.38 0.69 0.68 0.69 | 1.09 
1953} 0.69 0.50 0.50 0.61 0.69 0.86 1.72 1.12 0.99 0.87 0.76 0.51 | 0.82 1953 |} 0.80 0.57 0.76 0.78 0.99 1.16 2.19 1.98 1.23 1.13 0.96 0.55 | 1.09 
1954} 0.57 0.58 0.50 0.72 0.91 1.06 1.53 1.06 1.02 0.865 0.78 0.51 | 0.84 1954 10.57 0.66 0.60 0.79 1.22 1.21 2.67 1.68 1.86 1.16 0,868 0.61 | 1.15 
1955} 0.468 0.46 0.50 0.56 0.86 1.16 1.47 1.93 1.09 0.91 0.68 0.73 | 0.90 1935 10.60 0.46 0.59 0.69 1.07 1.32 1.62 2.59 1.27 0.91 0.76 0./7 | 1.07 
1956 |} 0.61 0.41 0.50 0.75 1.06 1.00 1.35 0.95 1.02 0.94 0.56 0.59 | 0.81 1936} 0.75 0.50 0.69 O.69 L.dl 1.16 1.80 1.66 1.42 0.96 0.63 0.61 | 0.97 
No. ll ll ll et ll oe ll ll lu ll ll ll il Wo. ll ll ll ll ll ll ll ll ll li ll ll et 
Mean 0.51 0.51 0.55 0.7% 0.96 1.07 1.49 1.31 1.07 0,86 0.68 0,59] 0.86 Mean 0.63 0.60 0.68 0.90 1.16 1.33 2.00 2.03 1.41 1.06 0.78 0.68] 1.10 
- © | 0.10 0.08 0.07 O.22 O<.16 0.15 0.23 0.29 O.12 0.13 O.1L 0.08 0.06 oe ¢ 0.08 0.08 O.11 O.12 O<.16 0.22 0.22 0.33 0.25 0.19 G.1L 0.09 0.07 
c.v.(%)| 19 16 13 15 15 16 1s 22 ll 15 le 146 5 C.v.(Z)] 13 14 16 16 12 7 ll 7? 17 18 le 13 ? 
Fairbanks :_26411 Sfc. Press. 993 eb; Elev. 1358 Great Falls 2 24143 Sfc. Press. 886 mb, Elev. 1123 = 
i Pah. Weeth OOE Ae Dee Ne. Aa ARs Sn A. 2a Jen. Feb. Merch April Mey  _June_ _July _fmg. Sept. Oct. Nov. _Dec. | Moen 
1946 1946 | 0.56 0.57 0.72 0.88 1.4 1.56 1.91 1.57 1.46 0.8 0.71 0.62 | 1.05 
1947 0.67 O.57 0.57 1.13) 1.58 2.21 1.66 1.22 0.82 0.67 0.50 1947 10.46 0.50 0.70 0.8 1.ls 1,52 1.71 1.78 1.50 1.17 0.70 0.66 1.06 
1948 | 0.44 0.32 0.35 0.60 1.10 1.68 2.12 1.63 1.30 0.86 0.37 0.28 | 0.94% 1948 | 0.55 0.47 0.53 0.79 13 1.99 1.82 1.82 1.29 0.88 0.63 0,02 1.04 
1969 | 0.37 0.32 0.62 0.55 0.98 1.50 2.18 1.99 1.53 0.85 0.66 0.34] 0.99 19469 | 0.3% 0.40 0.58 0.83 1.29 L.al 1.72 1,72 1.32 0.92 0.83 0.67 | 0.99 
1950 | 0.66 0.18 0.52 0.49 1.00 1.53 2.04 1.97 1.3% 0.78 0.37 O41 | 0.93 1950 | 0.25 0.56 0.94 O./6 0.96 1.53 1.85 1.81 i.31 1.lk) 60.61 0.7% 1.00 
1951 |} 0.2% 0.33 0.27 O.71 1.03 1.51 2.08 2.08 1.42 9.65 0.67 0.37] 0.95 1951 | 0.42 0.52 0.50 0.72 1.09 1.% 1.8% 1.87 1.80 1.06 0.71 0.66 | 0,99 
1952} 0.25 0.61 0.61 0.52 0.79 1.64 2,07 1.7% 1.28 O.91 0.69 0.41 | 0.93 1952 |} 0.44 0.53 0.55 0.88 1.32 1.61 1.61 1.82 1.468 0.99 0.73 0.64 1.05 
1953} 0.20 0.37 0.35 0.68 1.18 1.96 2.01 1.82 1.28 0.68 0.48 0.42] 0.95 1953 | 0.72 0.61 0.68 0.78 1.05 1.63 1.73 1.79 1.30 1.06 0.79 0.65 1.07 
1954} 0.28 0.21 O.61 0.63 0.92 1.65 1.96 1.97 1.26 0.84 0.60 0.28] 0.90 1954 10.46 0.66 0.56 0.75 i.ls 1.47 1.90 1.98 1.50 1.00 0.97 0.38 1.06 
1955 | 0.67 0.28 0.66 0.46 1.00 1.52 1.97 1.69 1.3h 600.72 0.6% O.31] 0.88 1955 | 0.55 0.48 0.42 0.80 1.16 1.61 2.14 1.50 1.40 1.10 0.55 0.58 1.02 
1956 | 0.28 0.30 0.34 0.59 1.06 1.36 2.06 1.99 1.12 0.56 0.39 0.23] 0.87 1956 |} 0.58 0.45 0.56 0.86 1.37 1.65 1.92 1.79 1.42 1.01 0.686 0.67 1.08 
Ro. 9 10 10 10 10 10 10 10 10 10 10 10 9 No. ll ll ll ll ul ll il 11 ll ll ll ll ul 
Mean 0.33 0.34 0.63 0.56 1.02 1.63 2.07 1.85 1.32 0.77 0.52 0.36] 0.93 Mean 0.49 0.52 0.56 0.62 1.18 1.58 1.863 1.77 1.99 1.02 0.72 0.59 1.04 
- eleeececceeceeecer eee = seu wn wen es ete = & eoscececevsveseeceenecescee o ose ae SiS so Se © 
= 0.12 0.13 0.11 0.09 O.11 0.16 0.08 0.17 O.12 O.12 0.15 0.08 0.06 = 13. 0.07 0.09 0.06 0.13 0.17 0.16 0.16 0.09 0.09 0.12 0.10 0.01 
cv.@)}| 33 0 B&B BW WM Ww ‘ 9 we. we * Tc.v.@ wm 15 >) ew » » ? 0 eh ers 





A major adjustment of the data was made. 
J 











The rela- 


tive humidity values for the period of record, 1946-56, are 
Prior to October 1948 relative humid- 


hot homogeneous. 


it) at temperatures below 0° C. was expressed with 


respect to ice saturation and after that date with respect 
to water. Thus there exists a real difference in the two 
periods of record, and differences in computed values of 
precipitable water of about 10 percent could result for 
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_Greensd _13723 Sfe. Presse. 986 sb, Elev. 273 « | evens __:_12866 Sfc. Press. 1010 eb; Elev. 49 » 
____.|_Jan._ Feb. March april Mey June July _Aug. Sept. Oct. Mov. _Dec. | Mean Jan. Feb. Merch April Mey June July _Mug. Sept. Oct. Mov. Dec. | Mean 
1946 | 1.20 0.97 1.56 1.69 2.51 2.98 3.75 3.66 2.92 1.92 1.76 1.28 | 2.17 1946 | 3.16 3.02 4.28 6.62 6.60 6.39 6.68 3.96 3.81 3.53 
19467 1}1.62 0.61 0.90 1.85 2.25 3.02 3.16 4.03 3.28 2.53 1.62 0.87 | 2.13 1967 | 3.27 2.768 3.57 3.80 4.52 4.63 4.54 6.90 4.65 4.01 3.17 
1968 10.89 1.66 1.467 1.99 2.39 3.28 3.91 3.63 2.99 1.59 1.99 1.63 | 2.25 1948 | 2.75 2.79 3.35 
1969 [1.77 1.463 1.20 1.50 2.51 3.63 6.57 4.16 2.79 2.65 1.27 1.25 | 2.39 1949 
1990 |} 1.863 1.22 1.13 1.32 2.86 3.18 3.86 3.62 3.08 2.25 1.10 0.868 | 2.18 1950 2.65 3.16 2.80 3.56 3.95 6.30 6.468 4.78 4.62 2.93 2.51 
1951 | 1.02 1.09 1.30 1.55 2.21 3.61 3.87 3.65 2.96 2.06 1.30 1.13 | 2.16 1951 | 2.35 2.32 2.86 3.56 3.42 6.02 6.63 4.91 4.80 4.47 3.61 3,18 | 3.67 
1952 }1.33 1.16 1.26 1.7% 2.32 3.56 3.67 3.90 2.66 1.46 1.61 1.021 | 2.12 1952 |} 2.63 2.58 3.18 3.00 4.37 4.32 3.86 4.57 4.79 6.66 3.36 2.65 | 3.65 
1953.11.29 1.22 1.33 1.68 2.66 3.38 3.68 3.35 2.71 1.77 1.20 1.09 | 2.08 1953 | 2.68 2.72 4.52 4.67 4.866 4.13 3.63 3.16 
1954 11.96 1.06 1.18 2.19 2.13 2.97 3.53 3.68 2.57 2.00 1.3% 0.95 | 2.05 1954 
1955 }1.01 1.03 1.30 1.61 2.40 2.60 6.15 3.93 3.25 1.06 1.15 0.83 | 2.11 1955 
1936 }0.90 1.29 1.10 1.38 2.59 3.22 3.91 3.55 3.03 2.66 1.25 1.51 | 2.18 1956 
Mo. ll il ll ll ll ll ll ll ll ll ll ll ll Wo. | 6 5 5 5 5 5 ° 6 6 6 ° ° 2 
Mean /1.27 1.16 1.25 1.68 2.44 3.20 3.81 3.72 2.93 2.05 1.38 i.11 | 2.16 Meen | 2.77 2.65 3.00 3.25 3.88 4.28 4.42 4.59 4.81 4.61 3.53 3.03] 3.72 
“sed Sadnels eee f per td tHe Ge Sit A ag ag es aa Re on ais oe eee a ee oe | ee ae ce ak. eee 
pev © 10.36 0.26 0.18 0.27 0.22 0.30 0.37 0.26 0.26 0.39 0.27 0.23 0.10 I pev © 
¢.v.(%)| 27 21 is 16 9 9 10 ? . 19 i9 21 5 c.v.(%) 
Quantanamo Bay 11706 _ Sfc. Press. 1013 mb, Elev. 25 = International Falls 14918 Sfc. Press. 1016 wp. Elev. >» 
_____|_Jen._ _Feb. March April Mey June July Aug. Sept. Oct. Mov. Dec. | Mean | _jan. Feb. March April Mey  _dume July _Amg. Sept. Oct. Mov. Dec. | Mean 
1946 | 1946 10.68 0.39 0.85 0.97 1.36 1.99 2.38 2.21 1.75 1.25 0.77 0.1 | 1.23 
1947 | 1967 }0.43 0.35 0.47 0.72 1.09 1.90 2.59 2.78 1.91 1.69 0.60 0.52 | 1.25 
1948 4.01 4.58 4.60 3.99 1948 |/0.33 0.38 0.53 1.03 1.25 2.03 2.68 2.58 1.78 1.15 0.81 0.53 | 1.26 
1949 4.58 4.13 4.57 4.96 4.66 4.246 1969 /0.51 0.38 0.51 0.99 1.56 2.27 2.78 2.62 1.65 1.27 0.86 0,66 | 1.32 
1950 4.44 4.64 4.76 46.89 6.86 4.44 4,3 1950 /0.33 0.65 0.63 0.77 1.35 1.96 2.50 2.06 1.91 1.60 0.65 0,69 | 1.22 
1951 3.02 2.96 3.72 4.71 4.41 4.77 5.02 4.80 4.47 4,26 3.37 1951 | 0.37 0.54 0.57 0.% 1.66 1.97 2.47 2.54 1.75 1.25 0.55 0.37 1.25 
1952 | 2.58 3.09 3.26 3.89 4.68 464.48 4.15 4.45 4.86 4.82 3.62 3.20 3.91 1952 | 0.43 0.48 0.51 0.93 1.28 2.37 2.49 2.25 1.80 90.89 0.70 0.64 1.23 
1953 13.35 3.06 3.06 3.86 4.25 4.75 4.26 6.42 4.71 4.70 4.07 3.37] 3.99 1953} 0.56 0.63 0.66 0.75 1.39 2.33 2.20 2.62 1.72 1.36 0.66 0.47] 1.28 
1954 3.11 3.67 3.26 3.63 6.40 46.31 6.20 6.36 6.62 6.37 6.06 3.13] 3.89 1956 10.37 0.66 0.60 0.79 1.26 2.15 2.66 2.28 1.75 1.13 0.90 0.57] 1.26 
1955 12.78 3.16 2.80 3.19 3.98 6.60 4.29 6.62 4.85 4.69 3.63 3.76] 3.86 1955 |} 0.41 0.61 0.41 1.19 1.64 2.36 2.98 2.42 1.75 1.28 0.69 0.43] 1.33 
1956 | 2.54 3.00 3.51 3.65 4.17 6.23 3.62 G11 4.26 4.53 4.0L 3.37] 3.75 1936 10.57 0.37 0.45 0.70 2.15 2.26 2.28 2.26 1.66 1.38 0.77 0,56] 1.18 
ie » . 5 6 ? S 7 + 8 9 9 4 No ll ll ll ll ll 11 ll ll ll ll ll ll ll 
Mean | 2.90 3.15 3.18 3.59 4.35 4.50 4.23 4.68 6,67 4.66 4.08 3.60] 3.95 Mean (0.63 0.66 0.53 0.89 1.36 2.16 2.55 2.42 1.75 1.30 0.7% 0.69] 1.25 
“sed ee ee ee Fe ee a ee ee ee “sed ime eee, eee eee. eS” oe See ae ee ae 
Dev © 0.31 0.20 0.34 Dev 0.08 0.09 0.13 0.15 0.19 0.17 0.23 0.23 0.13 0.22 O.11 0.08 0.03 
c.v.(%) 7 4 . C.v.(%)} 19 21 25 1? 16 - 9 10 ? 17 15 le 3 
Hatteras 13745 Sfc. Press. 1017 mb, Elev. 3 mJ Lake Charles 13941 Sfc. Press. 1016 mb. Elev. 5 « 
—______|_Jan._ Feb. March April Mey _Jume july _Aug. _Sept. Oct. Nov. Dec. | Mean | |_Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. | Mean 
1946 3.13 4.03 4.01 3.56 1946 | 3.3% 6.58 4.34 4,23 2.86 
1947 | 1.90 3.63 4.60 3.89 2.90 1.85 1.65 1947 | 2.20 3.10 3.72 4.55 3.53 2.27 2.05 
1968 | 1.31 1.867 1.86 2.19 2.76 3.69 4.27 3.63 3.63 2.15 2.56 1.79 | 2.62 1968 | 1.72 2.36 2.47 2.57 3.20 3.70 4.72 4.29 3.69 2.26 2.41 2.12 | 2.96 
1969 | 2.08 1.70 1.45 1.95 2.66 6,00 6.36 4.53 3.51 3.07 1.54 1.61 | 2.70 1969 | 2.27 2.40 2.11 2.56 3.03 6.03 6.62 6.28 6.29 3.60 1.58 2.26 | 3.12 
1950 | 2.26 1.42 1.48 1.69 2.86 3.68 4.51 3.73 3.62 2.70 1.57 1.29 | 2.55 1950 | 2.68 2.20 1.83 2.57 3.36 6.16 4.53 4.16 3.99 2.95 1.82 1.62 | 3.02 
1951} 1.38 1.61 1.65 1.80 2.63 3.61 4.00 4.22 3.66 2.87 1.76 1.50] 2.52 1951 [1.92 1.90 2,10 2.11 2.95 6.03 6.96 4.72 6.3% 2.86 2.00 2.22 | 3.01 
1952} 1.50 1.37 1.66 1.96 2.57 3.59 6.06 6.12 3.69 1.90 1.73 1.31 | 2.62 1952} 2.35 1.866 1.78 2.15 3.06 3.80 4.67 4.45 3.37 1.68 2.12 1.865 | 2.7% 
1953} 1.53 1.55 1.63 1.83 2.95 3.18 6.00 3.80 3.10 2.66 1.63 1.62] 2.44 1953} 1.55 2.08 2.63 2.463 3.50 6.05 4.33 4.62 3.07 2.65 1.97 1.7% | 2.87 
06 14,03 1:20 2:39 -2.39 2106 3:58 BOD 3.97 5.0 2.2 1.0 1.290: 7/08 1954 11.90 1.52 1.82 2.76 2.86 3.75 6.68 4.16 3.96 2.96 1.86 1.72 | 2.61 
1955 |} 1.21 1.35 1.62 2.10 2.50 2.90 6.13 4.30 3.97 2.07 1.50 1.18] 2.62 1995 /1.79 2.03 2.11 2.52 3.26 3.60 4.73 6.67 4.60 2.39 2.26 1.97 | 2.98 
1936} 1.21 1.76 1.36 1.65 2.76 3.86 4.06 3.87 3.15 3.00 1.65 1.59] 2.49 1956} 1.65 2.13 2.06 2.40 3.38 3.95 4.17 6.22 3.43 2.860 1.96 2.13 | 2.85 
No 10 9 9 9 ee 10 9 ll ll ll 10 19 10 9 No 10 + 9 9 11 9 ll ll ll 9 ll 10 9 
Mean MSF ££8C- 2.06 C206 <3: 3.93 42.8 605 BS 2S. 185 1 Ot Mean | 2.02 2.05 2.10 2.45 3.18 3.87 4.52 6.60 3.86 2.66 2.10 1.99] 2.93 
S © | 0.37 0.22 0.18 0.21 0.23 0.33 0.21 0.28 0.29 0.42 0.30 0.22 “0.12 = © 10.40 0.27 0.29 0.21 0.20 0.22 0.35 0.20 0.68 0.63 0.35 0.20 0.13 
C.¥.(Z)} 26 15 12 ll 4 4 5 ? 8 17 17 15 5 C.v.(%)| 20 13 14 8 6 6 ” 5 12 2% 17 10 “ 











stations at high elevations during the cold months. 3. VALUES OF MEAN MONTHLY PRECIPITABLE 


< 


Thus the relative humidity data for the period from WATER 
January 1946 through September 1948 were adjusted so 
that they were expressed in terms of saturation over Table 1 lists the 52 stations and the number of 


water. months for which mean monthly values were determined. 
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—_ 
a) 
2 a |e Sfc. Press. 828 «bd; Elev. 1696 » | Masatien _ 22009 Sfc. Press. 1010 mb, Elev. 14 «= 
joup 10.68 0.67 0.65 0.89 1.12 1.32 1.86 1,56 1.30 0.89 0.62 0.58 | 0.98 1946 
ou? 10.61 0.45 0.60 0.80 1.25 1.29 1.72 1.60 1.32 1.07 0.60 0.53 | 0.97 1947 
1948 [0.46 0.66 0.66 0.65 0.98 1.66 1.69 1.52 1.30 0.85 0.53 0.61 | 0.89 1948 
1949 ]0.35 0.33 0.60 0.80 1.26 1.67 1.60 1.53 1.29 0.91 0.75 0.43 | 0.96 1949 
1950 | 0,31 0.47 0.49 0.70 0.91 1.27 1.68 1.49 1.463 0.97 0.68 0.59 | 0.92 1950 | 1.92 2.00 1.86 1.96 2.06 4,77 SLL 5.22 5.36 4,52 3,05 2.32 | 3.61 
: 1951 }0.36 0.47 0.67 0.7% 2.23 1.25 1.68 1.66 1.22 0.89 0.53 0.45 | 0.92 1951 |1.99 1.79 2.33. 2.26 2.68 4.21 5.50 5.52 35.13 4.49 3.70 3.36 | 3.58 
1952 |0.61 0.47 0.50 0.68 2.17 1.33 1.62 1.75 1.26 0,88 0.56 0.47 | 0.96 1952] 2.37 2.05 2.06 2.62 5.26 5.68 5.58 5.36 9.98 3.36 2.76 
1953 |0.62. 0.50 0.55 0.66 0.97 2.21 1.77 1.73 1.18 1.03 0.69 0.68 | 0.95 1953 }2.77. 2.11 2.40 2.07 2.76 4.85 5.56 5.57 6.63 4.60 2.52 2,18 | 3.61 
1956 }0.51 0.56 0.50 0.60 1.16 1.07 1.63 1.16 1.13 0.82 0.73 0.43 | 0.86 1956 | 2.68 2.65 1.60 21.72 2.73 4.97 5.27 5.37 5.33 4.59 2.66 2.73 3.51 
1955 }0.60 0.40 0.37 0.61 0.83 1.36 1.41 1,80 1,20 0.81 0,56 0.55 | 0.86 1955 | 2.87 2.21 2.23. 2.00 3.07 4.75 5.68 5.68 5.77 4.79 3.49 2.63 3.7% 
an 1956 10.47 0.33 0.64 0.76 21.13 1.09 1.56 1.62 0.97 0.86 0.53 0.49 | 0.86 1956 | 2.38 1.87 1.70 2.13 3.99 5.26 5.10 5.26 4.96 4.40 3,50 2.65 3.60 
No il ny ll ll 1 ul ll ll ll ll ll ll ll No. ? ? ? 6 ? ? ? ? 7 ? ? ° 
: = ee ee a pee en en be Ue © OS eee we ae Se eS ne @ Se ee Oa a 6 2 le ee Brey ae -eRe S 
mean | 0.66 0.65 0.51 0.76 1.08 1.30 1.65 1.57 1.23 0.91 0.62 0.69 | 0.92 mean | 2.25 2.07 2.05 2.02 2.92 4.86 5.38 5.49 5.22 4.68 3.18 2.63] 3.55 
= © |o.08 0.07 0.08 0.10 0.16 0.16 0.16 0.17 0.11 0,09 0.08 0.06 0.05 = 
- C.v.(Z)} 19 15 16 le 13 12 8 ll 9 10 13 12 > c.¥.(%) 
v 
w Las Vegas 23169 Sfc. Press. 939 mb, Elev. 600 =] Medford + 26225 Sfc. Press. 1017 mb; Elev. 4 = 
3 Jan. feb. March April Mey _June _July _Aug. _Sept. _Oct._ _Nov._ | moon | —_|_tam. Feb. March April may June _July _fug. _Sept. Oct. Nov. _Dec._} Mean 
5 1946 |0.71 0.67 0.96 1.15 1.26 21.07 2.67 2.65 1.59 1.32 2.Me 2.12 | 2.32 1966 | 1.16 1.09 1.30 1.66 1.63 1.89 2.32 2.22 1.68 1.52 1.35 1.26 | 1.58 
5 1967 | 0.66 0.97 1.02 1.26 1.66 1.62 1.62 2.36 1.75 1.55 1.00 0,93 ] 1.32 1967 | 1.03 2.36 2.32 1.49 1.66 1.06 2.37) 2.08 «1.92 1.98 1.62 1.26 | 1.66 
2 1948 | 0.76 0.79 0.71 1.03 0.95 1.65 1.66 1.60 1.59 1.35 0.81 0.76 | 1.16 1968 | 1.08 0.99 1.13 1.22 2.59 2.36 2.22 2.17 2.89 1.57 1.25 0.90] 2.53 
: 1949 | 0.67 0.77. 0.89 1.26 1.386 1.67 2.08 1.66 1.52 1.26 1,06 0.76 | 1.27 1949 | 0.67 0.99 1.15 1.66 1.77 2.62 2,20 2.26 2.12 2.46 1.56 1,07 | 1.52 
5 1950 10.76 0.91 0.76 0.83 0.96 1.08 2.56 1.75 1.62 1.09 1.07 0,99 | 1.20 1950 | 0.88 1.16 1.20 1.26 1.49 2.06 1.88 2.20 1.99 1.97 1,68 1.55] 1.60 
3 1951 | 0.87 0.82 0.70 1.07 1.26 2.22 2.36 2.36 1.27 1.12 0.96 0.87] 1.26 1951 | 1.09 1.21 0.98 2.41 1.62 1.67 2.07 1.96 1.88 2.71 1.60 1,08] 1.51 
3 1952 10.78 0.68 0.67 1.30 1.17 2.32 2.19 2.26 1.91 0.99 0.95 0.99 | 1.28 1952 11.00 1.16 1.02 1.38 1.63 2.05 2.32 2.28 2.13 1.60 1.01 1,20) 1.58 
5 1953 | 1.06 0.61 0.72 0.88 0.83 1.15 2.90 1.92 1.36 2.15 1.02 0,60 | 1.18 1953 | 1.36 1.20 2.12 2.21 2.52 2.73 2.92 2.51 2.16 1.68 1.60 1.33) 1.61 
3 1956 10.89 0.86 0.86 1.05 1.29 1.68 2.58 1.65 1.65 1.22 1,09 0.82] 1.29 1956 }1.19 1.21 2.05 1.28) 21.69 1.86 2.06 «2.12 1.6 1481571 | 15M 
; 1955 | 0.82 0.67 0.73 0.7% 2.13 2.38 2.25 3.33 1.65 1.30 1.06 1.10] 1.33 1955 |} 1.01 0.95 1.03 1.12 1.65 2.03 2.06 1.79 1.76 2.92 1.60 1.26] 1.68 
> 1956 | 1.03 0.61 0.59 1.02 1.03 2.2L 2.22 2.37 2.66 2.15 0.62 0.63] 1.09 1956 }1.17 0.92. 1.09 1.60 1.62 1.92 2.65 2.28 2.91 1.66 1.29 1,19] 1.59 
Wo. | il 11 ll ll u ul ll ll ret ll ul ul ul No ll a 1 1 rey eT ll ll ul ul re ll u 
; ot Sg a + “ ea Ne 9 on™ 5 SS on: ee SS ew * ois ee a & hoes . gs «ah SS a oe Se ee ee 
: wmecn |0.81 0.76 0.60 1.09 2.13 2.32 2.25 2.20 1.50 2.23 0,90 @.67 |] 1.38 § em 1 1.08 1.08 1.12 1,33 1.66 1.93 2.16 2.15 1.95 1.7L 1.41 1.21 | 1.56 
- © }0.13 0.12 0.13 0.16 0.19 0.26 0.38 0.53 0.18 O.15 0.15 0.17 0.07 = ¢ 0.17 0.16 O.12 0.12 0.13 0.19 0.19 0.18 0.13 0.19 «0.29 0.17 0.03 
7 C.v.(%)} 16 16 16 16 17 18 7 25 12 12 is 20 - C.¥.(%)} 16 12 10 il 4 10 9 9 ? il 13 ie 2 
Little Rock 13963 Sfc. Press. 1007 mb, Elev. 79 =] _Miamt : 12839 Sfe. Press. 1017 =>, Elev. 4 
x ___|_tan. Feb. Merch April Mey  _June _July _fug. Sept. Oct. _Nov._ pec. | Mean |__—_|_Jan. Ped. March April Mey june July tug. _Sopt. Oct. Rov. 24 en 
1946 | 1.31 1.30 1.78 2.36 2.69 3.68 4.06 3.95 3.25 2.26 2.10 1.69] 2.53 1946 4.06 6.63 6.67 4.68 4.77 3.52 
| 1967 }1.53 0.68 1.26 2.31 2.93 3.861 3.56 4.39 3.26 2.77 1.66 1.26] 2.47 1947 3.57 3.63 6.81 6.71 6.65 6.91 4.17 3.069 
1968 | 1.11 1.60 1.65 2.36 2.91 3.76 4.58 4.21 3.12 2.06 1.78 1.59 | 2.56 1968 | 2.76 3.49 4.92 6.92 4.868 4.02 3.73 3.2% 
1949 1.98 1.39 1.66 1.99 2.93 6.07 4.85 4.26 3.20 2.99 1.47 1.66] 2.69 1969 12.39 2.76 2.66 3.26 3.33 4.45 4.67 6.55 4.66 4.16 2.53 2.09 | 3.590 
: 1950 2.26 1.63 1.38 21.79 3.06 3.58 4.22 4.19 3.63 2.65 1.62 2.17] 2.58 1950 | 2.61 2.68 2.76 2.36 3.40 3.98 4.25 6.67 6.57 6.21 2.56 2.39 | 3.39 
19st | a 331.40 1.67 1.99 2.65 3.93 4.52 4.58 3.62 2.31 1.56 1.56] 2.56 1951 |2.01 2.02 2.43 3.08 3.11 4.07 4.62 6.95 6.66 6.18 2.99 2.69 | 3.61 
1952 | 1.82 1.55 1.33 1.90 2.66 3.76 4.17 6,00 2.65 1.26 1.56 1.26) 2.32 1952 | 2.33 2.15 2.77 2.35 3.56 4.09 4.35 4.66 4.38 4.57 2,96 2.23 | 3.36 
1953 | 1.67 1.20 1.81 2.78 2.97 3.92 4.15 3.92 2.52 2.01 2.32 1,13] 2.35 1953 | 2.29 2.53 2.76 2.72 3.10 4.57 4.61 6.63 4,69 3.65 3,13 2.62 | 3.66 
1956 | 1.65 2.22 1.36 2.37 2.62) 3.75 4.63) 4.22 2.89 «2.52 1.62 1.26] 2.466 1956 }2.62 2.10 2.57 3.69 3.70 6.63 4.66 4.69 4.66 3.90 2,68 1,91 ] 3.39 
1955 |} 1.15 1.29 1.62. 2.09 2.80 3.19 4.59 4.03 3.29 2.02 1.36 1.19] 2.39 1955 |} 2.10 2.66 2.69 2.68 3.05 4.08 4.61 4.61 4,57 3.52 2.73 2.88 | 3.31 
1956 | 1.23 1.50. 1.33. 1.79 3025S) 3.68 «4.03 4.06 «2.19 2.22 1.42 16H] 2.35, 1956 }1.87 2.67 2.19 2.53 3.37 3.68 4.13 4.63 4.686 3.60 2.52 2.32 | 3.15 
Wo 1 1 ll ll ll ll ll il ll ul ll il To 9 8 8 9 ll 10 ul ul ul 10 ul 9 8 
Mean | 1.51 1.36 1.53 2.06 2.65 3.72 4.29 4.16 3.06 2.286 1.55 1.38] 2.68 meen | 2.31 2.39 2.55 2.91 3.42 6.26 6.53 6.66 6,68 3.96 3.00 2.60) 3.66 
= © 10.36 0.22 0.20 0.25 0.21 0.2% 0.36 0.19 0.16 0.36 0.23 0.17 0.12 = © | 0.28 0.66 0.30 0.33 0.25 0.18 0.19 0.37 0.51 0.61 
C.V.(%)) 2% 16 13 12 ? ? 9 $ $s 15 is 12 5 c.v.(%) 12 16 3 s 4 ‘ s @ 17 6 











Twenty-nine stations had complete records and 44 sta- 
tions had more than 108 complete months (9 years). 
\lissing monthly values result from several considerations. 
Some stations do not have complete records because 
observations were not taken during all of the 11 years. 








Other missing monthly values result 
essing and computing, and 


records were not complete. 


the fact that the 


to complete the records for all stations. 





from errors in proc- 
Institute’s 


It does not seem necessary 
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TaBLe 2.-—Continued. 
Midland 23023. Sfc. Presse. 924 sb, Elev. §7)m] North Platte 24023 Sfe. Press. 916 sb; Elev. 844 » 
= Jan. Feb. Merch April Mey June July Aug. _Sept. Oct. Mov. Dec. | Mean Jan. Feb. March April Mey  _June July Aug. Sept. Oct. _Nov. nies 
1946 | 1.046 1.046 1.70 2.74 2.61 2.92 3.35 2.22 1,37 1.11 1946 | 0.66 0.71 1.00 1.38 1.59 2.37 2.93 2.64 2.21 1.40 0.93 0.80 1.55 
1947 | 0.95 1.4 1.53 2.06 2.65 2.90 3.19 2.28 2.06 1.21 1.04 1.82 1947 | 0.59 0.60 0.76 1.15 1.73 2.40 2.80 3.09 2.23 1.85 0.60 0.7% 1.57 
1948 | 0,86 1.00 1.40 2.12 2.74 3.38 2.98 2.28 1.76 0.93 1.13 1.81 1948 | 0.59 0.71 0.74 1.19 1.76 2.04 2.76 2.94 2.08 1.18 0.85 0.65 1.51 
1969 | 1.25 1.15 1.66 2.44 2.99 3.” 3.26 3.03 1.99 1.00 1.12 2.03 1949 | 0.60 0.56 0.93 1.18 2.00 2.63 2.88 2.83 1.80 1.45 0.99 0.64 1.% 
1950 | 1.20 0.66 1.46 2.11 2.97 3.47 2.97 2.99 1.90 0.90 0.73 1.89 1950 | 0.55 0.83 0.71 1.05 1.61 2.16 2.75 2.58 2.16 1.54 0.81 0.79 1.46 
1951 | 0.69 0.98 1% 2.01 2.52 3.20 3.26 2.42 2.07 1.10 0.79 1.78 1951 | 0.58 0.77 0.63 0.95 1.77 2.27 2.90 3.08 1.84 1.39 0.76 0.67 1,47 
1952 | 1.18 0.86 1.40 1.81 2.79 3.32 3.12 2.41 1.13 1.22 0.84 1.% 1952 | 0.63 0.73 0.73 1.16 1.61 2.67 2.63 2.95 1.80 0.93 0.75 0.67 1.45 
1953 | 0.79 1.30 1.21 1.61 2.60 3.32 3.15 1.68 1.87 0.9% 0.72 1.68 1953 | 0.86 0.68 0.84 1.01 1.56 2.41 2.84 2.83 1.80 1.41 1.07 0.68 1.50 
1954 | 0.69 0.81 1.62 1.99 2.7% 2.60 3.61 2.25 1.96 1.06 0.694 1.75 1954 | 0.66 0.83 0.77 1.26 1.71 2.29 2.86 2.869 2.08 1.38 0.87 0.68] 1.52 
1955 | 0.95 0.95 0.99 1.81 2.39 3.24 2.99 2.64 1.50 0.94 0.9% 1.67 1955 | 0.59 0.57 0.67 1.02 1.65 2.20 2.86 2.62 1.95 1.22 0.67 0.76 1.41 
1956 | 0.93 0.75 1.15 2.00 2.75 2.75 2.53 2.02 1.66 0.78 0.93 1.59 1956 | 0.74 0.60 0.70 0.91 1.85 2.% 2.57 2.74 1.75 1.29 0.85 0.80 1.43 
fo- ll ll ll 10 ll ll ll ll ll ll ll 10 No. ll ll ll ll ll ll ll ll lu ll ll ll ll 
Mean | 0.96 0.99 1.62 2,00 2.72 3.12 3.07) 2.51 1.83 1.04 0.93] 1.79 Mean | 0.66 0.69 0.77 1.1) 1.73 2.60 2.80 2.85 1.97 1.37 0.865 0.72] 1.49 
= © | 0.18 0.17) 0.23 0.22 0.18 0.30 0.23 0.65 0.31 0.17 0.15 0,12 a © 10.09 0.10 0.11 0.15 0.13 0,18 0.12 0.15 0.18 9.23 0.11 0.07 0,06 
c.v.(%)j 18 17 6 ll ? 10 8 18 7? 17 16 ? C.v.(%)] 16 le le 13 8 ? on 5 9 17 13 9 4 
Nantucket, Mase. 14756 Sfc. Press. 1015 mb; Elev. 14 @] Oakland > 23230 Sfc. Press. 1016 mb, Elev. 6 | 
1946 1.17 2.51 2.72 2.96 2.58 1.82 1.3% 1.00 1946 | 1.08 1.21 1.51 1.45 1.76 1.71 2.24 1.67 1.76 1.65 1.53 1.52 1.59 
1947 | 0.99 0.77 1.33 1.95 2.12 2.96 3.06 2.48 1.73 1.11 6.73 | 1.66 1947} 1.06 1.55 1.65 1.63 1.71 2,07 1.69 1.82 1.62 2.26 1.32 1.36 | 1.66 
1948 | 0.73 1.17 1.33 2.13 2.63 2.93 3.27 2.20 1.77 1.73 1.00 | 1.80 1968) 1.65 1.29 1.39 1.56 1.79 2.16 1,96 1.74 1.88 1.84 1.53 1.37 1.66 
19469 | 1.19 1. 1.31 1.96 2.48 3.44 3.14 2.37 1.96 1.3 1,01 1.86 1949 | 0.84 1.31 1.47 1.59 1.95 1.78 1.88 2.08 2.19 1.78 2.01 1.33 1.68 
1950 | 1.33 0.87 1.29 1.86 2.53 3.08 2.8 2.37 1.75 1.54 1.07 1.79 1950 | 1.32 1.49 1.41 1.50 1.52 1.92 1.88 1.93 2.24 2.20 2.13 1.90 1.79 
1951 | 0.99 1.05 1.38 1.86 2.3% 3.10 3.02 2.53 1.91 1.26 0.90 1.80 1951 | 1.50 1.48 1.26 1.66 1.79 1.81 1.86 2.06 2.17 1.79 1.85 1.3% 1.72 
1952 | 1.02 0.99 1.53 1.71 2.74 2.93 3.14 2.27 1.53 1.23 0.90 1.73 1952 | 1.29 1.48 1.33 1.55 1.34 1.85 2.80 1,80 2.15 1.87 1.26 1.61 1.67 
1953 |} 1.08 0.90 1.06 1.60 2.15 2.33 2.867 2.71 2.36 1.863 1.65 1.10] 1.77 1953 }1.70 1.13 1.26 2.52 1.52 1.63 1.70 2.06 2.27 1.53 1.61 1.40] 1.62 
1954 10.91 0.96 0.89 1.45 1.96 2.50 2.97 2.86 2.56 2.17 1.62 1.06] 1.61 1954 }1.60 1.35 1.3% 1.70 1.50 1.89 2.00 1.86 1.64 1.62 1.82 1.46] 1.63 
1955 |} 0.65 0.92 0.98 1.49 1.90 2.58 3.38 3.31 2.26 2.16 1.32 0.65] 1.80 1955 |} 1.23 1.20 1.23 1.33 1.78 1.93 1.68 1.70 1.76 1.85 1.74 1.77 1.62 
1956} 1.00 0.91 0.90 1.186 1.55 2.73 3,02 2.93 2.37 1.686 1.39 1.25] 1.7% 1956 | 1.61 4.15 1.25 1.33 1.867 1.61 2.13 1.90 2.05 1.96 1.35 1.0] 1.66 
No 10 10 10 ll 10 ll il ll l ll il ll 10 No. ll ll ll ll ll ll ll ll ll ll ll ll ll 
Mean 0.99 0.89 0.98 1.35 1.90 2.52 3.06 3.02 2.60 1.85 1.38 0.97] 1.77 Mean 1.32 1.33 1.37 3.55 _ 3.70 1.87 1.96 1.87 1.99 1.85 1.67 1.49 | 1.66 
- 0.20 O.12 0.13 O.12 0.186 0.18 0.22 0.18 0.13 0.19 0.17 0.17 0.07 4 © 10.26 0.15 0.13 0.10 0.16 0.15 0.20 0.16 0.22 0.22 0.29 0.2 0.06 
C.¥.(%)} 20 “4 13 6 9 ? ? 6 5 10 12 1? 4 c.¥.(%)} 20 il 9 6 9 8 10 8 ll 12 1? 13 2. 
aarete 13897 Sfc. Press. 996 wb; Elev. 177 m] oklahoma City 13967 Sfc. Press. 970 mb, Elev. 3920 
19466 |} 1.05 1.13 1.78 2.02 2.56 3.4% 4.08 3.35 3.08 1.90 1.76 1.50 | 2.30 1946 | 1.06 0.98 1.51 1.96 2.22 3.13 3.22 3.50 3.02 2.22 1.56 1.39 | 2.15 
1967) 1.59 0.73 1.02. 1.97 2.26 3.69 3.10 6.61 3.03 2.75 1.54 1.06 | 2.26 1947 |}1.00 0.77 1.15 1.86 2.31 3.20 3.68 3.76 2.80 2.55 1.3% 1.13 | 2.11 
1948 | 0.89 1.49 1.62 2,11 2.37 3.40 3.96 3.60 2.71 1.63 1.76 1.27 | 2.22 1948 | 0.93 1.31 1.25 1.89 2.59 3.61 6.10 3,97 2.39 1.55 1.27 1.07 | 2.16 
1969} 1.76 1.22 1.29 1.70 2,47 3.78 4.50 6.02 2.51 2.861 1.19 1.20 | 2.37 1949 | 1.26 1.10 1.26 1.68 2.80 3.52 4.06 3.26 2.88 2.10 1.20 1.09 | 2.18 
1950 | 4.06 1.28 1.18 1.45 2.87 3.21 3.63 3.57 3.15 2.26 1.21 0.90 | 2.23 1950} 1.17 1.25 0.99 1.62 2.56 3.25 4.02 3.44 3.05 1.96 1.12 0.99 | 2.12 
1951 | 4.12 1.24 1.54 1.67 2.05 3.469 3.95 3.81 2.89 2.02 1.32 1.26 | 2.20 1951 }0.86 1.26 1.05 1.55 2.53 3.60 3.862 3.99 2.96 2,31 1.26 0.93 | 2.16 
1952} 1.50 1.15 1.06 1.59 2.29 3.55 3.51 3.73 2.38 1.23 1.16 1.13 | 2.02 1952} 1.16 1.08 21.13 1.51 2.32 3.52 3.64 4.10 2.22 1.26 1.28 0.95 | 2.01 
1953 | 1.29 1.14 1.465 1.59 2.63 3.39 1953} 1.00 0.93 1.36 1.44 2.27 3.19 3.77 3.38 2.26 2,07 1.33 0.87 | 1.99 
1954 | 1.23 1.09 1.17) 2.11 1.96 3.15 3.66 3.90 2.80 2.17 1.26 1,08 | 2.13 1954] 1.05 0.88 0.95 2.12 2.464 2.86 3.53 3.52 2.38 2.22 1.19 1,06] 2,02 
1955 | 0.96 1.18 1.4) 1.87) 2.52 2.53 4.28 4.05 2.86 1.73 1.21 1.05 | 2.14 1955} 1.00 0.66 1.16 1.62 2.67 2.96 3.71 3.65 3.12 1.66 0.95 1.08 | 2.06 
1956 | 1.01 1.67 1.19 1.56 2.76 3.30 3.60 3.69 2.21 2.23 1.19 1.60] 2.13 1956 }1.00 1.05 0.96 1.465 2.79 3.36 3.51 3.16 2.23 2.02 1.08 1.12 | 1.97 
No ll ll ll ll ll ll 10 10 10 10 10 10 10 No ll ll ll ll ll ll ll ll ll ll ll ll ll 
- ge 1.31 1.19 «1M 1.79 2.63 3.33 3.863 3.77 2.76 2.08 1.36 1.21 | 2.20 Mean 1.06 1.06 1.16 1.70 2.50 3.25 3.71 3.61 2.66 1.99 1.23 1.06 2.68 
= © }0.37 0.20 0.26 0.26 0.28 0.32 O.41 0.33 0.31 0.69 0.23 0.21 0.09 = © }o.11 0.18 0.18 0.23 0.20 0.21 0.28 . 0.32 0.36 0.37 0.16 0.16 0.06 
C.v.(%)] 28 17 18 le 12 10 nl 9 ll 23 17 18 4 €.v.(%)} 11 17 15 13 8 ? 8 9 16 19 13 i3 3 








length of the months. Standard deviations and coeffi- 
cients of variation were computed when the number of 
individual monthly values was nine or greater. Mean 
surface pressures and elevations were taken for the most 


Table 2 lists the values of precipitable water expressed 
in centimeters for a column from the surface to 325 mb. 
The yearly average was determined from the 12 monthly 
averages which were not adjusted for variations in the 
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Taste 2.—Continued. 
mr _Qnahe 94918 Sfe. Press. 979 ab; Elev. 403 =] portland, Maine :_ 14764 Sfe. Press. 1013 =>; Elev. 29 » 
ean ____|_Jea. Feb. Moreh Apeil, Mey _kme July _fomg. Sept. Oct. Mov. Dec. | Ween ion feb. Nerch April Mey _ _rue_ _July_ ug. Sept. Ost. Now. _Dee._| Mean 
.5$ 1946 2.05 0.89 1966 | 0.62 0.57 1.15 1.08 1.82 2.42 2.88 2.96 2.29 1.77 1.27 0.76] 1.63 
ey) 1947 2.58 0.90 1967 | 0.78 «0.62 0.71 1.06 2.00 2.42 3.465 3.10 2.22 1.87 0.89 0.61] 1.64 
= 1948 | 0.54 0.81 1.93 1.15 0.78 1968 | 0.50 0.49 0.81 1.20 1.92 2.46 2.99 3.01 2,09 1.36 1.34 O.71] 1.57 
SM 1949 | 0.80 1.200 2.62 3.34 3.54 3,11 1.79 1,08 1969 | 0.77 0.69 0.79 1.21 1.75 2.53 3.10 2.89 2.27 1.69 1.07 0.79] 1.62 
1950 |} 0.68 0.87 0.80 1.13 1.99 2.65 2.92 2.86 2.61 1.85 0.88 0.75 | 1.65 1950 | 0.89 0.58 0.59 1.01 1.56 2.33 2.71 2.62 1.96 1.64 1.36 0.83] 1.52 
4? 1951 [0.68 0.92 0.86 1.33 2.01 2.55 3.35 3.51 2:18 1.82 0.81 0.77 | 1.73 1951} 0.81 0.96 0.92 1.36 1.85 2.67 3.16 3.10 2.49 1.73 1.09 0.81] 1.73 
45 1952 |0.72 0.87 O.91 1.12 1.99 3.66 3.44 3.39 2.21 1.13 0.97 0.81 | 1.75 1952 | 0.77 0.69 0.78 135 12.51 2.39 2.77 2.73 2.28 1.32 1,13 0.80] 1.54 
50 1953 |0.93 0.86 1.08 1.16 2,05 3.16 3.55 2.87 1.96 1.59 1.09 0,80 | 1.75 1953 | 0.83 0.72 0.88 1.29 1.96 2.17 2.83 2.42 2.16 1.68 1.27 0.92] 1.59 
52 1954 }0.68 0.96 0.82 1.54 1.66 3.10 3.46 3.79 2.68 1.862 1.07 0.83 | 1.85 19541 0.65 0.81 0.76 1.13 1.865 2.63 2.64 2.47 2.21 1.87 1.11 0.80] 1.58 
4l 1955 /0.70 0.71 0.73 1.60 1.93 2.52 3.80 3.18 2.40 1.63 0.86 0.86 | 1.71 1955 |] 0.56 0.73 0.77 1.31 1.91 2.63 3.23 3.29 2.07 1.78 1.08 0.54) 1.66 
a3 1956 }0.80 0.78 0.84 0,97 2.27 2.77 3.00 3.02 1.99 1.69 0.99 0.85 | 1.66 1956 | 0.88 0.69 0.61 1.06 1.26 2.39 2.469 2.49 1.98 1.52 1.12 0,92] 1.45. 
1 No. 9 2 ? - 9 “ a 6 8 9 9 10 7 No. ll ll ll ll ll ll ll ll il ll “pel. ll 
49 mean | 0.73 0.85 0.86 1.23 2.03 2.94 3.38 3.21 2.27 1.69 0.99 0.82 | 1.75 Mean | 0.73 0.68 0.80 1.18 1.76 2.46 2.93 2.86 2.18 1.65 1.16 0.77] 1.59 
e ” © jou 0.21 0.27 0.12 0.05 — © 10.13 0.12 0.16 0.13 0.23 0.13 0.268 0.29 0.15 0.19 0,16 0,12 0.07 
C.¥.(%)} 15 ll 16 12 6 c.v.(%)] 18.2 17.7. 19.7 12.0 13.3 5.6 9.6 10.0 6.8 Le 12.2 15.2 4.3 
r Phoenix : 23183 Sfe. Press. 972 ab; Elev. 341 mf Rapid City 24090 Sfc. Presse. 903 mb; Elev. 966 = 
an _.|_Jan._ Feb. Merch April Mey  _Jume _July Aug. _Sept. Oct. Mov. Dec. | Mean Jan. Feb. March April Mey June July Aug. Sept. Oct. Nov. _Dec. | Mean 
59 1966 | 1.12 0.79 1.1L 1.56 1.60 1.83 3.56 3.80 3.36 1.77 1.38 1.27 | 1.91 1966 }0.61 0.57 0.93 1.17 1.38 2.17 2.57 2.26 1.86 1.17 0.81 0.69 | 1.35 
” 1967} 1.07 1.23 1.32 2.22 1.88 1.92 2.72 3.78 2.76 1.88 21.35 1.21 | 1.86 1967 ]0.57 0.69 0.66 1.07 1.65 2.17 2.55 2.52 1.87 1.51 6.68 0.69 | 1.35 
6 1968 |} 1.02 1.17 0.93 1.22 1.13 1.76 2.96 3.39 2.39 1.89 0.81 1.10 | 1.65 1968 10.469 0.56 0.61 1.16 1.58 2.25 2.63 2.31 1.76 1.06 0.70 0.47 | 1,26 
8 1969] 0.96 0.90 1.96 1.35 1. 2.286 3.57 2.76 3.35 1.83 1.32 1.086 ] 1.81 1969 10.51 0.66 0.75 1.05 1.73 2.15 2.39 2.20 1.60 1.30 0.89 0.60 | 1.30 
9 1950 | 0.97 1.22 0.96 1.19 1.10 1.65 3.80 2.73 2.32 1.73 1.26 1.00 | 1.66 1950 | 0.464 0.63 0.63 0.90 1.26 1.77 2.213 2.06 1.75 1.32 0.77 0.65 | 1.19 
2 1951 | 1.16 1.18 0.85 Lol 2.62 1.22 3.20 3.62 1.96 1.62 1.66 1.26 | 1.69 1951] 0.68 0.60 0.52 0.80 1.62 1.72 2.62 2.68 1.57 1.35 0.70 0,50 | 1.23 
? 1952] 1.10 0.87 1.10 1.65 1.56 1.79 2.97 3.67 2.66 1.31 1.25 1.10] 1.73 1952] 0.52 0.60 0.61 0.91 1.54 2.26 2,12 2.35 1.50 0.83 0.63 0.61 | 1.20 
2 1953] 1.16 0.86 1.17 1.20 1.06 1.66 3,95 2.91 1.66 1.30 1.22 0.76 | 1.57 1953 }0.75 0.66 0.71 0.86 1.36 2.26 2.55 2.50 1.62 1.23 0.68 0.61 | 1.31 
3 1954] 1.05 0.88 1.06 1.01 1.66 1.70 3,87 3.63 2.82 1.56 1.15 0.98] 1.75 1954 | 0.62 0.78 0.62 0.99 1.50 2.06 2.73 2.39 1.75 2.15 0.86 0.61 | 1.3% 
2 1955} 1.12 0.72 0.79 0.82 1.22 1.55 3.32 4.32 2.10 1.63 2.13 1,36] 1.67 1955 | 0.55 0.56 0.69 0.97 1.55 2.07 2.57 2.67 1.78 1.18 0.59 0.72 | 1.32 
6 1956} 1.36 0.96 0.67 1.16 1.22 2,00 3.26 2.7% 2.29 1.51 0.76 0.96] 1.57 1936 10.69 0.68 0.66 0.88 1.70 2.01 2.463 2.28 1.56 1.20 0.77 0.73 | 1.28 
‘ No. ll ll ll il ll ll ll ll ll ll ll ll ll Ro. ll ll ll ll ll il il ll ll ll ll ll il 
; Mean | 1.09 0.97 0.99 1.25 1.35 1.76 3.38 3.38 2.69 1.66 1.19 1.09] 1.72 Mean |0.57 0.58 0.65 0.98 1.50 2.08 2.66 2.36 1.67 1.21 0.75 0.63 | 1.29 
‘ a © 10.10 0.17 0.18 0.23 0.26 0.27 0.61 0.52 0.56 0.21 0.22 0.17 0.11 = © 10.10 0.09 0.12 0.12 0.16 0.19 0.19 0.17 0.15 0,18 0.10 0.08 0.05 
C.v.(z)} 9-4 18.0 18.2 18.7 17.6 15.2 12.0 15.3 21.5 12.8 16.7 9.2 6.27 C.v.czpp 17.2 16.0 17.9 12.6 9.5 8.9 7.8 7.2 8.9 4.7 13.2 12.6 3.7 
. Pitteburgh : 94823 Sfc. Press. 973 amb; Elev. 3538 St. Cloud : 14926 Sfe. Prees. 979 mb; Elev. 316 = 
7 —___|Jan.___Feb. Merch April Mey June July _Aug. Sept. Oct. _Mov._ >| Mean j_Jem.. Feb. Merch April Mey  _hme July mg. Sept. Oct. Mov. _Dec. | Mean 
1966 | 0.78 0.75 1.29 1.10 1.99 2.71 2.76 2.42 1.79 1.30 m=) 1946 | 0.55 0.57 1.19 2.19 1.57 2.58 2.90 269 2.18 1.68 0.97 O.71 | 1.57 
1947 | 0.99 0.49 0.65 1.49 1.90 2.68 2.63 3.66 2.48 2.00 0.80 1967 | 0.62 0.44 1.98 0.76 0.62 
| 19468 | 0.56 0.87 1.09 1.51 1.77 2.64 3,11 2.76 1.46 1.460 0.86 1968 | 0.38 0.55 0.68 1.21 1.51 2.39 2.85 2.80 1.27 0.98 0.59 
19469 | 1.30 0.91 0.93 1.09 1.81 2.89 3.67 2.90 2.00 2.06 1.03 0.86] 1.79 19469 | 0.60 0.51 0.65 1.03 1.869 2.469 3.07 2.82 1.68 1.55 1.01 0.56 | 1.49 
1950 | 1.33 0.61 0.80 1.11 2.00 2.51 2.62 2.53 2.30 1.70 1.08 0.71] 1.63 1980} 0.66 0.56 0.62 0.89 1.61 2.09 2.52 2.42 2.06 1.67 0.68 0.58] 1.35 
1951 | 0.87 0.89 0.97 1.32 1.84 2.63 2.90 2.564 2.00 1.57 0.95 0.86] 1.61 1951 | 0.65 0.69 0.69 1.06 1.85 2.28 2.70 2.66 1.90 1.46 0.63 0.56 | 1.41 
1952 | 0.91 0.79 0.91 1.60 1.82 2.56 3.03 2.65 1.99 1.20 1.13 0.90] 1.61 1952 ]0.56 0.67 0.59 1.12 1.53) 2.63 2.81 2.71 1.86 O.91 0.66 0.73 | 1.41 
1953} 1.06 0.78 21.07 1.22 2.31 2.52 2.78 2.59 1.868 1.54 2.03 0.82] 1.63 1953 | 0.64 0.55 0.75 0.868 1.56 2.67 2.61 2.92 1.65 1.53 0.91 0.59 |] 1.45 
1954 2.75 2.72 3.02 2.37 1.68 1.05 0.82 1934 10.69 0.70 0.53 1.00 1.3% 2.59 2.95 2.55 2.17 1.30 0.91 0.68] 1.43 
1955 | 0.66 0.82 0.89 1.69 2.03 2.25 3.36 3.50 2.33 1.59 1.02 0.70] 1.72 1955 }0.51 0.51 0.56 1.33 1.79 2.46 3.68 3.10 2.09 1.37 0.% 0.58] 1.56 
1956] 0.81 0.86 0.86 1.15 1.77 2.71 3.06 2.99 2.12 1.84 1.07 1.23] 1.70 1936 10.62 0.67 0.60 0.87 1.61 2.69 2.81 2.78 1.78 1.57 0.87 O.7L | 1.45 
. Baas a a _ 10 10 a _u 4 ne _* ll 10 ll ? ‘ ». Se we. _w J 10 10 _w 7 10 . ou y u < u a 
ange 0.92 0.80 0.96 1.29 1.92 2.61 2.97 2.87 2,16 1.69 1.11 0.86] 1.68] Mean | 0.56 0.57 0.68 1.06 1.62 2.49 2.89 2.75 1.95 1.48 0.85 0.63] 1.46 
ov 0.25 0.12 0.18 0.17 0.17 0.16 0.33 0.60 0.20 0.25 0.16 0.16 = © 10.08 0.09 0.19 0.16 0.17 0.19 0.32 0.19 0.18 0.27 0.13 0.07 0.08 
C.¥.(%)] 27.5 15.0 186.7 13.5 8.6 6.2 11.0 16.2 9.6 16.8 12.5 16.2 €.V.(2%)] 15.0 16.0 27.8 16.7 10.5 7.7 LL.d 6.9 9.2 18.5 16.8 LLS 5.2 











The 





individual 


logical, and hydrological importance. 
monthly values are presented because it is felt that they 
are of interest and could prove useful to investigators in 
the above-mentioned fields of study. Additional work 


part from U.S. Weather Bureau Technical Paper No. 32. 
; The values given are not for the period of record, but are 
| undoubtedly a very good estimate. 

Data of this type are of basic meteorological, climato- 
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TABLE 2.—Continued. 





























San_Antonio ._ 12921 Sfe. Press. 987 _=b; Elev, 289.9 Sante Maria :_23273. Sfe. Press. 1007 sb; Elev. 14 » 
—______|_/am__ Feb. Merch April Mey June July _Aug. Sept. Oct. Nov. Dec. | Mean Jan. Feb. March April May June July _Aug. _Sept. Oct. Nov. _Dec. | Mean 
1946 | 1.59 1.68 1.77 2.68 3.50 3.82 3.80 4.15 4.465 3.40 2.40 1.92] 2.93 1966 } 1.19 1.21 1.65 1.50 1.80 1.80 2.468 2.27 2.13 1.58 1.460 rey 1.69 
1967] 1.75) 1.28 «1.69 2.56 3.38 3.91 3,99 4.61 3.31 3.15 1.98 1.76] 2.77 1967 | 1.0L 1.42 1.63) 12.67 1.94 2,05 2.82 2.21 2.13 2,09 2.386 1.29 7 1.72 
1968} 1.66 1.98 1.89 2.35 3.28 3.78 6.66 3.88 3.49 2.68 1.78 1.93] 2.75 1968} 1.30 1.17) 1.30 1.76 2.75 2.17 1,97 1,99 1.95 1.92 1.3% 1,29 | 1.66 
1969 | 1.91 2.06 1.86 2.31 3.32 3.85 4.26 4.01 4.06 3.09 1.65 2.21 | 2.88 1969 0.97 1.26 1.51 1.70 1.95 1.97 2.19 2.18 2.10 1.70 1.65 1.20 | 1.70 
1950 | 2.61 2.25 1.71 2.63 3.39 3.87 4.16 3.86 3.99 2.65 1.82 1.36] 2.86 1950} 1.26 1.51 1.46 1.62 1.79 1.85 2.66 2.23 2.29 2.08 1.97 1.79 | 1.87 
1951 | 1.39 1.69 1.93 2.03 3.15 4.00 6.37 4.16 3.97 3.06 2.10 1.77] 2.80 1952} 1.65 2.62 21.29 2.71 1.86 1.93 2.20 2.09 2.23 1.68 1.57 1.63 | 1.% 
1952 | 2.06 1.55 1.61 2.11 2.67 3.78 4.21 6,08 3.21 1.58 2.07 1.55] 2.56 1952 }1.29 1.35 1.34 2.61 1.67 21.85 2.52 2.18 2.18 1.87 1.40 1.45 | 1.73 
1953} 1.20 1.39 2.37 2.07 2.55 3.62 4.28 4.23 2.81 2.73 1.73 1.62] 2.52 1953} 1.59 1.00 1.29 2.52 1.38 2.79 2.25 2.06 2.12 1.66 1.67 1.12 | 1.60 
1956 1.75 1.36) 1.58) (2.65) 2.89 «3.73 3.76 4,093.66 2.97 «1.68 167 | 2.62 1994 11.37 1.31 1.33 1.68 1.66 1.86 2.76 2.03 1.85 1.61 1.66 1.27 | 1.70 
1955} 1.60 1.63 1.90 2.28 3.10 3.50 4.33 4.07 4.17 2.17 1.92 1.65] 2.68 78 5a.09 6.aF 88.07 8.93 «(1:77 «81190 4199 2.) 2203 128M SS UMD Le 
1956 |} 1.66 1.69 1.66 2.10 2.76 3,61 3.58 3.51 3.06 2.53 1.59 1.65] 2.43 1996 }1.77 Lak 1.19 2.59 1.80 1.67 2.26 1.96 2.16 2.02 1.12 1.16] 1.67 
Wo. | al ll ll ll ll ll ll lu ll ll ll ll ll Mo. ] 11 ll ll ll ll ll ll li ll ll ll lL uu 
_ Mean | 1.72 1,69) 1,86 2.34 3.093.751 4,06 3.63 2.73 1.88 1.68] 2.71 fF Mem | 1,30 1.26 1.36 1.60 «76 1.9L 2,28 2.14 2.22 BO S240 | 17 
Ee ¢ 0.368 0.3 0.21 0.26 O.31 0.17 0.29 0.23 O.61 O.51 0.26 0.26 0.16 a ¢ 0.246 O<f.15 O16 0.13 9.16 O.11 0.29 0.13 0.13 0.22 0.23 0.26 0.07 
C.¥.(%)) 22.4 18.1 11.7 21.0 10.00 6.600 7k S68 OLS 8B 26S?) 5.9 FE C.v. CRD] 18 12 10 : 9 ° 13 ° ° 12 1s 18 4 
San Diego 93112 Sfc. Press. 1014 mb; Elev. 13 mj Sault St. Marie : 14847 Sfc. Press. 988 ab; Elev. 221» 








Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Mean |_Jan. Feb. March April May June July _Aug. Sept. Oct. Nov. Dec. | Mean 
1966 | 1.13 1.12 1.53 1.67 1.79 1.96 2.77 3.99 3.33 2.39 2.07 1.93] 2.09 1946 | 0.52 0.44 0.93 0.93 1.37 2.08 2.50 2.26 1.98 1.62 0.98 0.60] 1.35 


1947] 0.51 0.66 0.53 0.82 1.23 1.97 2.68 3.13 2.19 2.05 0.79 0.60] 1.41 











1947 | 0.93 1.32 1.54 1.58 1.91 2.28 2.02 2.57 3.15 2.01 1.48 1.33] 1.84 
1948 | 1.23 1.3 1.43 1.63 1,51 2.06 2.08 2.21 1.86 1.86 1.07 1.21 1.62 1968 | 0.39 0.47 0.60 1.19 1.30 1.93 2.41 2.55 1.95 1.32 1.16 0.63] 1.32 


19469 | 0.96 1.15 1,32 1.60 1.62 2.12 2.62 2.17 2.39 1.77 1.71 1.37 1.73 1949 | 0.67 0.59 0.66 0.92 1.45 2.43 2.63 2.42 1.74 1.52 0.83 0.62 1.37 


1950 | 1.42 1.52 1.56 1.65 1.56 1.82 3.37 2.47 2.38 2.07 1.89 1.70 1.95 1950 | 0.61 0.46 0.54 0.77 1.46 1.91 2.27 2.05 1.86 1.58 0.86 0.61 1.25 


1951 | 1.68 1.39 1.23 1.99 1.80 1.78 3.03 2.7% 2.66 2.13 1.78 1.63] 1.95 1951 |] 0.56 0.70 0.75 1.06 1.61 1.98 2.32 2.19 1.78 1.55 0.64 0.55] 1.30 


1952 | 1.40 1.46 1.468 1.92 1. % 1.96 2.79 3.20 2.88 2.06 1.64 1.54] 2.00 1952] 0.62 0.51 0.65 1.08 1.41 2.22 2.71 2.39 2.10 0.98 1.02 0.78] 1.37 


1953 [1.70 1.218 1.61 12.75 1.66 2.03 3.38 2.68 2.39 2.96 1.96 12.231 1.9% 1953 | 0.67 0.59 0.79 0.92 1.44 2.29 2.67 2,53 2.03 1.65 1.03 0.73] Lia 


1954] 1.53) 1.39 1.65) 1.68) «1.97 2.07 3.61 2.36 2.38) 1.72) 2.66) 1.62] 2.93] 1954] 0.50 0.65 0.56 0.98 1.23 2.52 2.29 2.33 2.10 2.50 0.99 0.58 | 1.35 


1995} 1.37 1.6) 1.36 1.22 1.83 1.96 2.77 3.87 2.69 1.90 1.57 1.62] 1.96 1955 | 0.51 0.50 0.59 1.26 1.56 2.36 2.99 2.78 1.76 1.58 0.84 0.58] 1.44 


1956 | 1.66 1.18 1.13 1.70 1.% 1.72 1936 | 0.62 0.53 0.68 0.83 1.18 2.45 2.27 2.44 1.70 1.53 0.97 0.68] 1.31 











0.98 41.39 2.19 2.50 2.46 1.93 1.52 0.92 0.63] 1.35 





2.82 2.76 2.57 1.99 1.68 1.52] 1.90 Mean 0.56 0.54 0.64 
































Sabet gaale atti series be er: =the ae ee 
Dev * 0.28 0.14 0.15 0.20 0.4 0.17 0.50 0.56 0.43 c.g 0.27 0.25 0.4 Dev al 0.09 0.09 0.13 0.16 0.14 0.23. 0.22 0.380 0.17 0.2% 0.16 0.07 0.06 
c.v.¢(2)] 21 ll ll 12 8 9 18 20 7 10 16 16 ? C.v.(%)| 15-3 16.4 20.8 16.1 10.3 10.7 9.0 12.1 9.0 16.9 15.6 10.6 4.4 
San Juan : 11636 Sfc. Press. 1014 mb; Elev. 19 mM seattle : 24244 Sfc. Press. 1015 mb, Elev. 124 » 
Jan. Feb. March April May June July _Aug. Sept. Oct. Nov. Dec. Mean Jan. Feb. March April May June July _Aug. Sept. Oct. Nov . Dec. Mean 
1946 | 3.13 2.96 3.00 4.11 6.20 3.86 4.27 4.67 4.95 6.38 3.61 1946 
‘ 
1967 | 3.39 3.51 2.93 3.10 3.7) 3.86 3.69 3.91 4.55 6.56 3.86 3.64] 3.71 1947 
1968 | 3.30 3.01 3.05 3.26 4.31 4.35 6.32 6.33 4.467 4.48 64.43 3.59 | 3.91 1948 
1969 | 2.93 2.65 3.35 3.11 3.98) 6,09 4.13) 4.33 4.57) 4.3913 38H | 3.82 1949 | 0.85 1.06 1.29 1.43 1.65 1.92 2.32 2.35 2.23 1.62 1.89 1.18] 1,65 
1950 | 3.03 3.50 3.01 3.41 3. 84 4.16 4.12 4.51 4.47 4.71 4.17 3.69 3.88 1950 | 0.65 1.10 1.23 1.20 1.62 2.27 2.40 2.67 2.02 1.64 1.49 1.57 1.66 
1951 3.25 2.66 2.63 3.58 4.63 4.38 4.76 4.68 4.93 4.57 4.32 3.77 4.03 1951 | 0.98 1.21 1.02 1,21 1.72 2.00 2.380 2.43 2.21 1.76 1.37 1.02 1.60 
1952 | 3.27 3.30 3.29 4.16 4.35 4.33 4.61 4.41 4.61 4.42 3.99 3.17 3.99 1952 1.01 1.16 1.11 1% 1.65 1.98 2.20 2.399 2.12 1.87 1.24 1.24 1.61 
1953.13.22 2.99 3.11 3.33 4.21 6.62 6.32 4.16 6.26 4.03 4.21 3.62 | 3.85! 1953 |} 1.52 1.20 1.26 1.52 1.80 2.03 2.18 2.61 2.16 1.95 1.63 L.@L] 1.77 
1954 | 3,14 3.67 3.12 3.41 4.13 4.08 4.07 4.44 4.50 4.23 3.95 3.49 3.85 1954 | 1.06 1.48 0.99 1.27 1.67 2.02 2.10 2.56 2.37 1.73 1.94 1.33 1.71 
1955 | 2.96 2.99 2.67 3.06 3.92 4,046 3.98 4.3% 4.60 4,57 3.% 3.9] 3.72 1955 | 1.26 6.99 1.03 1.19 1.68 2.33 2.38 GUM 2.38 1.89 1.21 1.16} 1.63 
1956 1956} 1.13 1.02 1.12 1.36 1.72 2.09 
No. 10 10 10 9 10 10 10 10 10 10 10 10 9 No. 8 8 8 8 8 8 7? 7 7 ? ? 7 ? 
Mean 3.16 3.16 3.06 3.38 G12 6.21 6.18 46.3% 4.57 6.69 6.12 3.62] 3.86 Mean 1.06 1.15 1.13 1.32 1.68 2.08 2.29 2.45 2.18 1.78 1.56 1.27] 1.66 
“sed Ree ee ae ee ee eens ne eee See ee ee > ae ee ee ee eS, 
Dev © 0.15 0.33 0.20 0.% 0.27 0.22 0.33 0.21 0.17 0.25 0.23 0.21 0.12 Dev © 
C.V.(%)} 4.9 10.5 6.6 10.1 6.5 $4 7.9 4.8 3.7 5.6 $3 238 38 c.v.(%) 
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Tasie 2.—Concluded. 


















































— _Spokane : 24157 Sfc. Press. 933 mb; Elev. 722™] tecoogh Island : 24240 Sfe. Press. 19)2 sb; Elev. 3) = 
"a _____|_Jan. Feb. March April Mey  _June _July _Aug._ _Sept. Oct. _Nov. _Dec. | Mean Jen. Feb. March April May  _June _july _Aug. _Sept. Oct. Mov. _Dec. | Mean 
2. 1946 0.86 0.83 1.00 1.19 1.35 1.68 1.80 1.73 1.71 2.12 0.97 0.95] 1.27 19466 | 1.23 1.17 1.16 1.31 1.65 2.00 2.25 2.06 2.06 1.50 1.20 1.23] 1.57 
7 194 | 0.76 0.85 0.99 1.l 1.56) 1.76 2.81 1.77 1.85 1.72 1.03 O.91 | 1.34 1967 | 1.07 1.35 1.36 1.68 12.71 1.98 2.17 2.01 1.88 1.73 1.65 1.39] 1.63 
; 1946 0.75 0.68 0.70 0.97 1.54 2.16 1.82 1.85 1.468 2.12 0.90 0,59 | 1.21 1968 | 1.21 1.10 1.09 2.22 1.66 2.13 2.16 2.36 1.99 1.66 1.21 0.98] 1.55 
. 1949 | 0.48 0.63 O.91 0.99 1.43 1.40 1.65 1.67 1.60 1.06 1.33 0.70 | 1.15 1949 | 0.86 1.02 1.22 1.41 1.62 1.78 2.21 2.19 2.12 1.69 1.69 1.15] 1.59 
. 1950 0.41 0.86 0,85 0.90 1.12 2.867 1.76 1.78 1.35 1.43 0.95 12.11 | 1.20 1990} 0.64 1.21 1.13 1.18 2.67 2.18 2.25 2.61 1.97 1,58 1.27 1,56] 1.57 
’ 1951 | 0.65 .0.72 0.72 0.87 1.26 1.90 1.75 1.65 1.52 2.26 0.96 0.70] 1.13 1951 | 2.09 2.12 1.02 1.13 1.62 1.90 2.20 2.00 2.22 1.75 1.36 1.05] 1.54 
: 1952 10.68 0.71 0.76 1.00 1.30 1.57 2.51 1.61 1.53 2.18 0.87 0.92] 1.16 1952} 1.07 1.13 1.12 1.35 1.69 1.68 2.11 2.22 2.06 2.01 1.36 1.26] 1.57 
' 1953 1.08 0.80 0.82 0.97 1.22 1.57 1.35 1.80 1.99 1.3% 1.06 0.91 1.19 1953 1.48 1.15 1 1.24 1.60 1.84 2.12 2.53 2.09 1.93 1.58 1.4 1.68 
: 1954 | 0.70 0.89 0.66 0.78 1.23 1.65 1.67 1.75 1.55 1.15 1.28 0.66 | 1.16 1954} 0.98 1.41 0.90 1.12 1.68 1.76 2.07 2.37 2.20 1.73 1.80 1.31] 1.59 
. 1955 0.79 0.61 0.56 0.82 1.15 1.55 2.05 1.25 1.55 1.48 0.77 0.78 1.1L 1955 | 1.21 1.01 1.01 1.06 1M 2.11 2.16 2.08 2.06 1.74 1.17 1.07 1.50 
1956 | 0.77 0.66 0.75 1.00 1.67 21.62 1.91 1.60 1.60 1.26 1.02 0.95] 1.22 1956} 1.05 1.02 1.06 1.26 1.53 1.68 2.08 2.30 2.07 1.54 1.68 1.39] 1.56 
“ we. | 1 ll ll ll ll ll ll ll il ll ll ll ll No. ll ll ll ll ll ul ll ll ll ll ll ll ll 
Mean 0.72 0.75 0.79 0.9 3.23 18) 1.6.2.3. 18 20-88 02575 1 Mean [1.08 1.15 L.1b 1.26 1.56 1.93 2.15 2.23 2.06 1.71 1.63 1.26] 1.58 
: a ©} 0.18 O.1L 0.16 0.13 0.15 0.22 0.18 0.17 0.15 0.19 0.16 0.15 0.07 = © | 0.22 0.13 0.12 0.13 0.11 0.17 0.06 0.18 0.09 0.15 0.2% 0.18 0.03 
c.v.(%)} 24.9 16.2 17.3 13.2 1.2 13,2 10.6 9 9.5 15.2 16.2 17.3 6.0 Fev ¢zp] 20.0 11.0 11.0 10.7 7.0 8.7 2.86 8.0 4.3 8.8 16.7 14.6 2.0 
‘ Tampa 12842 Sfc. Press. 1017 ee , Sfe. Press. 10)] mb, Elev. 66 © 
‘ _____|_Jan._ _Feb. March April May June  _July _Aug. Sept. Oct. Mov. Dec. | Mean _jen._ _Feb. March April May June July Aug. Sept. Oct. Nov. _Dec. | Mean 
“ 1946 | 2.30 2.21 2.21 2.29 3.83 4.41 6.66 4.60 4.58 3.40 3.38 2.37] 3.37 1946 | 1.01 0.96 1.68 1.47 2.48 2.99 3.38 3.22 3.00 1.97 1.51 1.16] 2.05 
| 1947 | 2.96 1.76 2.09 3.51 3.59 6.40 6.60 4.55 4.55 3.65 3.28 2.69] 3.45 1947 | 1.30 0.60 0.82 1.86 2.36 2.97 3.32 4.01 3.07 2.39 1.26 0,886] 2.07 
1948 | 2.19 2.57 3.08 2.95 3.06 4.03 5.00 4.85 4.65 2.96 3.26 2.76] 3.43 1968 | 0.77 1.06 1.32 1.86 2.38 3.29 3.73 3.38 2.66 1.72 1.76 1.086) 2.08 
1949 2.33 2.77 2.10 2.67 2.88 4.10 4.72 4.77 4.50 3.89 1.9? 2.46 3.26 1949 1.49 1,18 1.07 1.46 2.4) 3.45 4.99 3.70 2.68 2.50 1.29 1.1h 2.23 
1950 2.46 2.05 2.3% 2.10 3.31 4.17 4.50 4.51 4.06 3.59 2. 1.99 3.12 1950 1.64 1.05 0.97 1.33 2.49 2.96 3.57 3.40 3.046 2.12 1.32 0.86 2.06 
1951 | 1.83 1.85 2.28 2.52 2.95 3.99 4.90 5.10 4.81 3.52 2.33 2.60 3.22 1951 0.95 1.05 1.4 1.48 2.21 3.24 3.57 3.28 2.69 2.14 1.20 1.15 2.01 
1952 2.07 2.17 2.65 2.16 3.16 4.61 4.53) 4.865 4.63 3,76 2.38 1.95 | 3.26 1952 | 1.25 0.98 1.19 1.92 2.29 3.18 3.67 3.56 2.45 1.47 1.41 1,06] 2.06 
1953 | 2.03 2.34 2.61 2.53 3.21 4.38 6.67 5.00 4.55 2.99 2.62 2.68] 3.30 1953 | 1.30 1.02 1.28 1.56 2.95 3.07 3.66 3.47 2.63 1.86 1.26 1.06} 2.09 
1954 1.88 1.78 2.11 3.40 3.15 4.20 4.84 4.61 4.63 2.97 2.32 1.78 3.14 1954 0.98 0.94 1.02 1.99 2.18 2.89 3.27 3.65 2.76 2. 1.28 0.% 2.01 
955 | 2.03 2.05 2.32 2.59 3.27 3.52 4.79 4.90 4.74 3.06 2.30 2.35] 3.16 1955 | 0.72 0.96 1.07 1.86 2.20 2.61 4.12 4.31 2.95 1.90 1.23 0.77] 2.06 
1956 1.546 2.3% 1.89 2.35 3.65 3.78 4.12 4.58 3.87 3.19 2.01 2.21 2.96 1956 0.97 1.06 1.03 1.3 2.0” 3.27 3.77 3.22 2.62 2.22 1.23 1.43 2.06 
nati 
No ll ll Ll ll il ll ll il il ll il ll ll No. ll ll ll ll ll ll ll ll ll ll Li ll ll 
Mean 2.15 2.17 2.3% 2.66 3.26 6.13) 6.65 46.768 4.51 3.9% 2.56 2.35] 3.269 ren 1.13 0.98 1.13 1.65 2.39 3.08 3.66 3.56 2.80 2.06 1.34 1,06) 2.07 
= © 10.37 0.32 0.3% 0.47 0.30 0.28 0.25 0.18 0.30 0.3% 0.51 0.33 0.15 we 0.2% 0.16 0.19 0.26 0.22 0.23 0.3% 0.3% 0.21 0.30 0.17 0.18 0.07 


C.V.(%)} 17.4 14.7 14.4 17.6 9.2 6.7 5.5 3.8 6.7 10.0 19.8 14.2 4.9] c.v. (ap) 22-9 14.4 16.5 14.8 9.1 7.4 9.3 9.5 7.4 14.6 12.7 17.0 3.4 











2173-02. The mean monthliv radiosonde eards were a 2. A. L. Shands, ‘“‘Mean Precipitable Water in the United States,” 
: yo r . : : TS Te. » “ ’ ape ‘ Tashi 
gift of the U.S. Weather Bureau. Special mention should U.S. Weather Bureau Technical Paper No. 10, Washington. 


aE! coal ).C., 1949. 
be made of the contributions to this project of Christine een re 


’ 3. B. Ratner, ‘Upper Air Average Values of Temperature, Pressure 
Green, Rober x Jo ss os a a nhs : ; 
ireen, Robert Rombough, and John Russo, and Relative Humidity over the United States and Alaska,” 


U.S. Weather Bureau Technical Paper No. 6, Washington 

D.C., 1945. 

1. 8. B. Solot, “Computation of Depth of Precipitable Water ina 4. C. H. Reitan, ‘Distribution of Precipitable Water Vapor over the 
Column of Air,’’ Monthly Weather Review, vol. 67, No. 4, Continental United States,’ Bulletin of the American Meteoro- 
Apr. 1939, pp. LOO—103. logical Society, vol. 41, No. 2, Feb. 1960, pp. 79-87. 
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THE WEATHER AND CIRCULATION OF JANUARY 1960 
Another January With Atlantic Blocking 


RAYMOND A. GREEN 


Extended Forecast Section, U.S. Weather Bureau, Washington, D.C 


1. INTRODUCTION 


In all but one vear since 1954, mean 700-mb. maps for 
January have contained centers of large positive height 
anomaly near Davis Strait with negative anomalies to 
the south. This pattern of vigorous blocking over the 
western Atlantic Ocean was again observed during January 
1960 (fig. 1). The mean for this January particularly 
resembled that for January 1955 [1]. Furthermore, both 
maps evolved in the same manner over the contiguous 
United States, with a trough in the West and a ridge in 
the East in the first half-month, a ridge in the West and 
a trough in the East in the second (fig. 2, and fig. 3 of [1]}). 

Because of its transitional circulation, January 1960 
established few new records of extreme weather for the 
month. However, new totals for excessive precipitation 
amounts were recorded in Iowa, and for deficient amounts 
in Washington and extreme southern Florida. Previous 
marks of high and low temperature for the month were 
unchallenged, but the warm maritime regime which had 
characterized December 1959 [2] vielded to a January 
circulation favoring colder temperatures. 


2. OTHER ASPECTS OF THE GENERAL CIRCULATION 


Figure 3A illustrates the extensive increase of height 
anomalies over northern latitudes from December to 
January, especially in centers near Iceland, the Arctic 
Ocean, and the Gulf of Alaska. With the extensive 
blocking at high latitudes, negative changes appeared at 
middle latitudes. The resulting channel of negative 
anomalies was remarkably continuous (fig. 1), being inter- 
rupted at only one place by a weak positive tongue south 
of Alaska. 

Figure 3B illustrates mean 700-mb. height changes from 
the first to the second half of January. The broad zone 
of height rises from the Labrador Sea westward and the 
flanking areas of falls accent the progress of blocking within 
the month. A distinct westward shift is evidenced by the 
intensity and the remarkable extent of the negative change 
in the Pacific. 

Blocking was prevalent in Canada during December 
1959, and it had spread westward to the Gulf of Alaska 
and the Siberian Peninsula near the end of that month. 
By January 10 the Siberian segment had retrograded 


about the pole, and a positive center had become well 
established in the Greenland Sea (from 5-day means, not 
shown). The center continued to grow and move west- 
ward, reaching maximum 5-day mean intensity over 
Baffin Island around January 18. Thereafter, a surge 
spread rapidly to western Canada and across the Polar 
Basin to northern Greenland the following week. While 
considerable similarity existed in the initial state and 
subsequent behavior of blocking in December as com- 
pared to January, there was one important difference. A 
large portion of the December surge joined and amplified 
the subtropical ridge in the Gulf of Alaska. That strong 
mean ridge and the trough downstream from it were 
prominent features of the early January circulation 
(fig. 2A) and strongly influenced the weather of the 
United States during the first half-month. 

Accompanying the increasing positive anomalies at 
high latitudes was a southward depression of the mean 
westerlies. Solid arrows tracing the observed axes of 
maximum westerlies in figure 4 are south of the normal 
axes (dashed) over much of the hemisphere. The south- 
ward shift was most pronounced over the extreme eastern 
Pacific, the contiguous United States, and the Atlantic 
(where the strongest blocking prevailed). Normal and 
observed axes nearly coincided over most of the Pacific, 
and wind speeds there generally exceeded normal (fig. 4B). 
Southward from 40° N. in the Atlantic, positive depar- 
tures were greater, exceeding 7 m.p.s. in a rather large 
area enclosed by the 20 m.p.s. isotach south of New- 
foundland. On the other hand, negative departures of 
as much as 12 m.p.s. occurred just north of Newfoundland. 

The mean wind speed profile of figure 5 helps to sum- 
marize the effects of blocking through a segment of the 
hemisphere from 175° E. eastward to 5° W. Depression 
of the westerlies is shown in this figure as a southward 
displacement of the wind field at all latitudes south of 
65° N. The mean westerly deficit north of 41° N. and the 
compensating excess to the south are typical of wide- 
spread blocking at high latitudes [3]. 

The strength of the temperate westerlies diminished as 
height anomalies increased north of 55° N. The curve 
of figure 6 depicts the recovery of the 5-day mean zonal 
index from a late December decline to a maximum in 
early January. This was followed by a sharp drop during 
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FiGuRE 1. 


Mean 700-mb. contours (solid) and height departures from normal (dotted), both in tens of feet, for January 1960. Troughs 


are indieated by heavy solid lines. Positive anomalies predominated at polar latitudes, and the surrounding channel of negative 


anomalies was nearly continuous around the hemisphere. 


the middle of January to 5.9 m.p.s., the lowest value ob- 
served since August 1959. Except for a brief period, the 
index remained below normal, and the monthly mean 
value diminished from 1.9 m.p.s. above normal in Decem- 
ber to 2.4 m.p.s. below in January. 

Subtropical westerlies increased correspondingly from 
2.8 m.p.s. below normal to 2.2 m.p.s. above. Temper- 


ature anomalies in the contiguous United States in gen- 
eral corresponded to the 5-day mean index, by cooling 
as the index fell and warming as it rose. 


3. TEMPERATURES 


Woffinden [2] described the abrupt change to a warm 
December from a cold fall season. Cooling began in late 
December, however, and was predominant thereafter with 
short-period variations over much of the nation until 
late January. Temperature persistence between the two 
months was 72 percent (within change limits of one class '), 
which conformed closely to the average 71 percent for 


1 Temperature classes are much above and much below normal (124% percent occur- 
rence each) and above, near normal, and below (25 percent occurrence esc). 
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Figure 2.—Mean 700-mb. contours (solid) and height departures 
from normal (dotted), both in tens of feet, for (A) January 1-15, 
and (B) January 16-30, 1960. Blocking was centered over 
Greenland and Iceland for the first half-month, and large- 
amplitude waves were observed over the eastern Pacific and the 
contiguous United States. During the second half blocking was 
strongest from Davis Strait to the Yukon, and the trough-ridge 
structure over the United States reversed phase. 


1942-54 determined by Namias [4]. However, 73 of 100 
well-distributed stations cooled by one class or more, and 
only 21 averaged above normal in January. 

This cool pattern (fig. 7A) agreed well with the low 
zonal index and depressed westerlies of the mean circula- 
tion. Below-normal temperatures across the southern 
portion of the United States were associated with a chan- 
nel of negative height anomaly (fig. 1). Combined 





Ficure 3.—(A) Difference in tens of feet between mean monthly 
700-mb. height departures from normal of December 1959 and 
January 1960. (B) Change in half-month mean heights from 
January 1-15 to January 16-30, 1960 (in tens of feet). Both 
charts have large rises at high latitudes and falls at middle 
latitudes, indicating the progressive increase of blocking from 
month to month and through January. 


effects of the abnormally strong ridge over western British 
Columbia and the mean trough in the Southwest were 
related to below normal temperatures from the Great 
Basin northward. Some of the cold air from western 
Canada pushed southward east of the Continental Divide 
to help produce cold anomalies in the Central Plains. 
Above-normal temperatures in the Northeast were re- 
lated to the easterly anomalous flow (fig. 1) from a 
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Figure 4.—(A) Mean isotachs in meters per second of 700-mb. 
wind speed during January 1960 and (B) departure from normal 
wind speed. Solid arrows in (A) indicate observed axes of maxi- 
mum wind speed, and dashed arrows the normal. This month’s 
axes were generally south of normal except in the Pacific. 


maritime, rather than a continental, source region. 
Temperatures along the west coast of the contiguous 
United States averaged a little above normal due to 
strong warming in southerly flow during the second half 
of the month. In southern California, however, the 
warming was not sufficient to compensate for cool weather 
during the first half of the month. A near-normal 
average at San Diego was the first monthly mean tem- 
perature since March 1958 which was not much above 
normal. The monthly average was close to the normal 
at Los Angeles and below at Santa Maria, so that the 
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Figure 5.— Mean 700-mb. zonal wind speed profiles in the Western 


Hemisphere for January 1960 (solid) and January normal 
(dashed). The displacement of the observed profile southward 
from normal south of 65° N. was associated with blocking. 
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Figure 6.—Time variation of zonal index in meters per second for 
the Western Hemisphere in the latitude belt 35° to 55° N. A 
complete oscillation of the index occurred in January 1960, 
reflecting the transitional nature of the circulation. The mean 
index for the month was 2.4 m.p.s. below normal (dashed curve). 
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TEMPERATURE ANOMALY CHANGE 
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Figure 7.—(A) Departure from normal of average temperature 
(° F.) for January 1960. Hatching indicates positive departures 
(from [6]). (B) Temperature anomaly change (° F.) from January 
1-15 to January 16-30, 1960. Hatching indicates positive change 
of 4° F. or more; stippling, negative change of the same magnitude. 
A circulation reversal encouraged southward penetration of cold 
air east of the Continental Divide during the second half-month. 


long period of extremely warm temperatures along the 
southern California least temporarily 
interrupted [2]. 

In view of the circulation changes within the month, it 
is not surprising that the anomalies just described were 
rather weak and their configuration was_ ill-defined. 
Some additional information about the temperatures can 
be obtained by considering them in relation to shorter- 
period means of the circulation. 

Temperatures were coldest in the western trough and 
warmest in the eastern ridge during the first half-month. 
Around midmonth the mean trough moved rapidly east- 
ward, the zonal index continued to drop, and cold air 
flooded most of the country. Figure 7B outlines the 
change which resulted. The area of greatest cooling 


coast was at 
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Figure 8.—(A) Departure from normal of average temperature (° F.) 
for the week ending January 24, 1960 (from [6]). Cold air 
flooded the country as a mean trough advanced from western 
United States and a blocking surge retrograded rapidly across 
Canada. (B) 5-day mean 700-mb. heights (solid) and departures 
from normal (dotted), both in tens of feet, for January 19-23, 
1960, representing the mean circulation during the week described 
in (A). 


between half-months occurred in eastern Missouri and 
southwestern Illinois. There the mean 700-mb. flow 
(fig. 2) shifted to northwesterly and became more cyclonic, 
while the anomalous flow reversed from a southerly to a 
northerly direction. 

Cold was most intense and widespread during the week 
ending January 24 (fig. 8A). At this point the mean 
trough was off the east coast (fig. 8B), blocking over 
Canada was at a maximum, and the zonal index reached 
its minimum for the month. High sea level pressure at- 
tending the cold air effectively inhibited the march of 
surface cyclones across the contiguous United States, and 
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‘1GURE 9.—(A) Departure from normal of average temperature 
(° F.) for the week ending January 31, 1960 (from [6]). Rapid 
warming followed the cold outbreak of the previous week (fig. 8). 
(B) The 5-day mean 700-mb. height (solid) and height anomaly 
(dotted), both in tens of feet for January 26-30, 1960, show the 
rapidly altered circulation which accompanied the warming. 


none was reported west of the Mississippi River from the 
17th to the 27th (see Chart X of [5]). 

Figure 9 shows the remarkable warming in the week 
that followed. Anomaly patterns this warm are typically 
attended by fast westerlies of small amplitude over the 
contiguous United States and below normal 700-mb. 
heights over Alaska and northwestern Canada. Such a 
circulation was quickly accomplished in this instance by 
the southward migration of a deepening polar vortex as 
blocking retrograded from Canada. A general increase 
of the westerlies occurred over the Western Hemisphere 
(see the index curve of fig. 6), and a 5-day mean trough 
was eliminated in the eastern Pacific as mean wave- 
lengths increased. 
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Figure 10.—(A) Total precipitation in inches for January 1960 
(from [6]). Note the small size of unhatched areas representing 
less than half of normal. 
labeled 50 on (B), the percentage of normal precipitation for 
January 1960 (from [6]). Outstanding feature of precipitation 
pattern is the streak of above normal from the Southwest to 
Michigan. 





These areas are enclosed by lines 


4. PRECIPITATION 


Low index mean circulations have been empirically 
described as “cold and wet,” and this January conformed 
to that description. It was not only colder than normal, 
as indicated in the previous section, but also wetter than 
normal. Of the usual 100 well-distributed stations, only 
15 reported precipitation totals in the light class, while 51 
had moderate precipitation, and 34 had heavy. Since 
each class should normally occur one-third of the time, 
the occurrence of light had less than half its usual 
frequency. 

Most of the precipitation pattern agreed well with 
features of the mean monthly circulation. A band of 


substantial (and above normal) amounts reaching from 
southern Arizona to lowa (fig. 10) can be attributed to 
cyclonic activity along and east of the mean trough shown 
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in figure 1. Des Moines and Dubuque, lowa, reported 
record totals for the month, most of which accumulated 
as three storms traversed a path from the Texas Pan- 
handle to Lake Erie during the period from January 11 
to 18. At Dubuque the 24-hour total of 3.75 inches on 
the 11th and 12th exceeded the previous wettest January 
total of 3.45 inches measured in both 1861 and 1869. 
The band of above normal amounts from the central 
Gulf Coast to North Carolina and another from North 
Dakota to Pennsylvania were aligned along the separate 
axes of maximum westerlies in figure 4. 

Dryness from central Montana to western Nebraska 
occurred in the absence of a moisture source in the north- 
westerly flow ahead of the mean ridge of figure 1. Stam- 
pede Pass, Wash., reported the driest January on record, 
due in part to a mean deficit in the westerly winds which 
normally help to produce orographic precipitation. In 
Florida, West Palm Beach and Key West reported their 
driest Januarys on record. This was attributable in part 
to the presence of a northerly component in the 700-mb. 
mean anomaly flow for the month. 

Most of the Nation’s precipitation came in the first half- 
month when adequate moisture was supplied by south- 
westerly flow ahead of the western mean trough (fig. 2A). 
The abrupt change in, circulation regime at midmonth 
brought precipitation to an equally abrupt halt over most 
of the country. An exception appeared in the Pacific 
Northwest, where precipitation increased as the mean flow 
backed from a northwesterly to a southwesterly direction. 
Additional precipitation occurred in the Southeast during 
the final week when a mean trough there retrograded 
sharply in response to the loss of a mean trough in the 
eastern Pacific (fig. 9B). 


5. ALASKA AND HAWAII 


Temperatures in southern and central Alaska were 
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above normal because of a southerly component in the 
flow behind a mean ridge (fig. 1). The flow diminished 
northward, however, and northern coastal temperatures, 
already cold in December, remained so in January. 

Alaskan precipitation was not far from normal for the 
month except for an excess over normal of 8.89 inches at 
Annette. This was the second wettest January on record 
at Annette and the 18th consecutive month with 
excessive amounts. 

On windward Hawaii, Hilo reported 11.82 inches more 
rainfall than normal, but Honolulu, a leeward station, 
reported 4.17 inches less than normal. Lihue, with less 
pronounced orographic influences, reported a deficit of 
5.26 inches. These precipitation totals were in general 
agreement with the mean circulation, which was slightly 
anticyclonic and exhibited a weak northerly component 
in the 700-mb. height anomaly field (fig. 1). 
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